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ABSTRACT 
An inves t  
t e c t  0 ng ch romi um 
gat  i o n  
base a 
vironments. Thr -e  coat  
was conducted t o  develop coa t ing  systems f o r  pro-  
l o y s  f rom degradat ion i n  h i g h  temperature a i r  en- 
ng systems were s tud ied  on a Cr-7Mo-2Ta subs t ra te .  
These were: ( 1 )  t i t a n i u m  modi f ied  chromium s i 1  i c i d e  (Cr -T i -S i )  formed 
d i r e c t l y  on t h e  subs t ra te ,  (2) Cr-T i -S i  formed on an in te rmed ia te  Cr-MgO 
b a r r i e r  l a y e r  and, (3) Cr-T i -S i  formed on an in te rmed ia te  Cr-Y-MgO b a r r i e r  
1 ayer . 
Based on weight  ga in  a f t e r  200 hours o f  c y c l i c  o x i d a t i o n  t e s t i n g  i n  
a i r  a t  2100°F (1422"K), t i t a n i u m  mod i f i ed  chromium s i l i c i d e  coa t ing  formed 
d i r e c t l y  on t h e  a l l o y  was the  most p r o t e c t i v e  and t h e  Cr-Y-MgO/Cr-Ti-Si 
the  l e a s t  p r o t e c t i v e .  
A f t e r  100 and 200 hours exposure, t h e  n i t r o g e n  content  o f  t h e  subs t ra te  
was ra i sed  f rom 0.0022 weight  percent  t o  t y p i c a l l y  0.008 and 0,010 weight  . ' 
percent respec t i ve l y .  
f a c t o r ,  the  increase i n  bend t r a n s i t i o n  temperature o f  t h e  subs t ra te  f rom 
about 540°F (560°K) t o  above 1490°F (1083°K) was a t t r i b u t e d  t o  an e f f e c t  o f  
thermal t reatment  du r ing  coa t ing  process ing.  
Al though n i t r o g e n  contaminat ion cou ld  be a c o n t r i b u t i n g '  
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SUMMARY 
The o b j e c t i v e  o f  t h i s  program was t o  develop and evaluate coat ings 
which would o f f e r  p r o t e c t i o n  t o  chromium-base a l l o y s  .from o x i d a t i o n  and 
n i t r o g e n  contaminat ion w i t h o u t  s u b s t a n t i a l l y  i nc reas ing  the bend t r a n s i -  
t ion temperature. 
A process development program was performed and coat ings were prepared 
f o r  c y c l  i c  o x i d a t i o n  t e s t s .  Two o f  these coat ings were t i t a n i u m  'modif ied 
chromium s i 1  i c i d e  (Cr -T i -S i )  formed d i r e c t l y  on Cr-7Mo-2Ta. Two were 
b a r r i e r  l a y e r  coa t ings  nominal ly  c o n s i s t i n g  o f  s i x  and twelve volume per-  
cent MgO i n  chromium which were t i t a n i z e d  and s i l i c i d e d .  The remaining 
two were b a r r i e r  l a y e r  coat ings c o n s i s t i n g  o f  nominal ly  s i x  and twelve 
volume percent MgO i n  chromium 0.3 w/o y t t r i u m  which were t i t a n i z e d  and 
s i l i c i d e d .  
Coated and uncoated Cr-7Mo-2Ta specimens were c y c l i c  o x i d a t i o n  t e s t e d  
f o r  200 hours i n  a i r  a t  2100°F (1422°K). A f t e r  exposure, a l l  o f  t he  coa t -  
ings had s p a l l e d  t o  v a r y i n g  degrees w i t h  the  C r - T i - S i  (heavy) system show- 
ing  the  l e a s t  s p a l l i n g .  The t o t a l  n i t r o g e n  content  o f  t he  s u b s t r a t e  was 
e s s e n t i a l l y  t h e  same f o r  a l l  samples and was t y p i c a l l y  0.008 weight  per-  
cent a f t e r  100 hours exposure and 0.01 weight percent a f t e r  200 hours ex- 
posure compared t o  22 ppm p r i o r  t o  exposure. The sur face ox ide  on coated 
specimens o f  Cr-7Mo-2Ta a f t e r  exposure was Cr 0 3 .  I n  many cases T i02  was 
s i l i c i d e s  o r  ox ides,  
observed as w e l l  as u n i d e n t i f i e d  compounds be f ieved t o  be complex s i l i c a t e s ,  
Me ta l l og raph ic  examinat ion of  t h e  b a r r i e r  l a y e r  coat ings as-formed 
and a f t e r  o x i d a t i o n  t e s t i n g  revealed a reg ion  o f  p o r o s i t y  which was thought 
t o  have r e s u l t e d  f rom an i n s t a b i l i t y  o f  t he  MgO p a r t i c l e s  d u r i n g  t h e  c o a t i n g  
fo rma t ion  process. 
E l e c t r o n  microprobe examinations were made of the  uncoated Cr-7Mo-ZTa 
a l l o y  and t h r e e  c o a t i n g  systems: C r - T i - S i ( l i g h t ) ,  Cr-Ti-Si(heavy);  and a 
Cr-12Mg0 b a r r i e r  l a y e r  c o a t i n g  system. The as-received a l l o y  was cha rac te r -  
i zed  by tanta lum and y t t r i u m  segregat ion.  
and Cr-T i -S i  (heavy) coa t ings ,  molybdenum and tanta lum were detected i n  the  
c o a t i n g  l a y e r ,  bu t  were no t  found i n  the b a r r i e r - l a y e r  coa t ing .  
I n  t h e  as-formed C r - T i - S i  ( l i g h t  
Measurements o f  t h e  bend t r a n s i t i o n  temperature showed t h a t  w h i l e  un- 
coated Cr-7Mo-2Ta was d u c t i l e  a t  1090°F (861"K), a1 1 o f  the coated specimens 
t e s t e d  a f t e r  100 o r  200 hours o f  c y c l i c  o x i d a t i o n  exposure were b r i t t l e  a t  
1420-149OOF (1055-1083"K). An as-coated C r - T i - S i ( 1 i g h t )  coupon and an un- 
coated coupon which were g iven a thermal t reatment  i d e n t i c a l  t o  t h a t  used 
i n  the c o a t i n g  c y c l e  a l s o  were b r i t t l e  a t  1490°F (1083°K) i n d i c a t i n g  t h a t  t h e  
r e l a t i v e l y  h i g h  temperature associated w i t h  t h e  c o a t i n g  method could 'have 
produced embr i t t l emen t .  The o v e r a l l  r e s u l t s  i n d i c a t e d  t h a t  t h e  c o a t i n g  
concepts evaluated d i d  not  produce useable coa t ings  f o r  chromium a l l o y s .  
1 
INTRODUCTION 
The cont inued improvement o f  a i r c r a f t  gas t u r b i n e  engines requ i res  
h igher  o p e r a t i n g  temperatures f o r  increased f u e l  e f f i c i e n c y ,  improved 
s p e c i f i c  t h r u s t  and lower engine weights.  To achieve t h i s  o b j e c t i v e  mate- 
r i a l s  capable o f  w i ths tand ing  the i n c r e a s i n g l y  severe s e r v i c e  environments 
t h a t  a r e  imposed by t h e  h ighe r  ope ra t i ng  temperatures must be developed. 
P o t e n t i a l  m a t e r i a l s  for  blades i n  engines opera t i ng  above 2000°F (1360°K) 
a r e  cermets, f i b e r  r e i n f o r c e d  metals,  r e f r a c t o r y  metal a l l o y s  and chromium- 
base a l l o y s .  The u t i l i t y  o f  cermets i s  l i m i t e d  by b r i t t l e n e s s  and poor 
f a t i g u e  res i s tance  and f i b e r  r e i n f o r c e d  m a t e r i a l s  a r e  s t i l l  i n  t he  develop- 
ment stage. 
advantage f o r  use as r o t a t i n g  hardware such as t u r b i n e  blades because of 
t h e i r  r e l a t i v e l y  h i g h  d e n s i t i e s .  Moreover, some r e f r a c t o r y  a l l o y s  have 
h igh  d u c t i  l e - t o - b r i t t l e  t r a n s i t i o n  temperatures (DBTT) and a1 1 r e q u i r e  
coat ings f o r  p r o t e c t i o n  aga ins t  o x i d a t i o n .  
Re f rac to ry  a l l o y s ,  e.g., tanta lum and tungsten a r e  a t  a d i s -  
The r e l a t i v e l y  low dens i t y  o f  chromium (7.19 g/cm3), which i s  less 
than t h a t  o f  n icke l -base and cobal t -base supera l loys,  h i g h  m e l t i n g  p o i n t ,  
3410°F (2150"K), freedom from a1 l o t r o p i c  t rans fo rma t ions ,  adequate s t r e n g t h  
on a l l o y i n g  and b e t t e r  o x i d a t i o n  r e s i s t a n c e  when compared w i t h  r e f r a c t o r y  
metals make i t  an a t t r a c t i v e  m a t e r i a l  f o r  use i n  blades and vanes. The 
major l i m i t a t i o n  t o  t h e  use o f  chromium a l l o y s  i n  a i r  b rea th ing  gas t u r b i n e  
engines i s  t h e i r  s u s c e p t i b i l i t y  t o  n i t r o g e n  embr i t t l emen t ,  h i g h  vapor pres- 
sure, and marginal  o x i d a t i o n  res i s tance .  Work toward reducing n i t r o g e n  em- 
b r i t t l e m e n t  has fo l l owed  two paths;  a l l o y i n g  w i t h  n i t r i d e  forming elements 
such as y t t r i u m ,  lanthanum o r  thor ium (1, 2 ) "  and p r o t e c t i o n  by n i t r i d a t i o n  
and o x i d a t i o n  r e s i s t a n t  c laddings o r  coa t ings .  Based on appearance and 
weight ga ins,  gas-pressure bonded c ladd ing  o f  Ni-20Cr-20W f o i l  p ro tec ted  
C r - 5 W - O . 1 Y  f o r  t imes i n  excess o f  600 hours a t  2100°F (1420°K) (3 ) .  How- 
ever ,  t he  DBTT was increased t o  a t  l e a s t  1000°F (810°K) a f t e r  100 hours 
a t  2100°F (1430°K) compared t o  500°F (530°K) f o r  unexposed specimens. Among 
o the r  c o a t i n g  systems inves t i ga ted ,  aluminum and iron-aluminum coat ings on 
C r - 5 W - O . l Y  (4)  showed the lowest weight  ga ins a f t e r  exposure t o  a i r  a t  
2100°F (1420°K) ; however, t h e  DBTT was r a i s e d  t o  abave 1600°F (1140°K). 
Simple s i l i c i d e  coat ings (5) p r o t e c t e d  C r - 5 W - O . l Y  f o r  t imes t o  500 hours 
a t  2000°F (1366°K) w i t h o u t  oxygen o r  n i t r o g e n  p e n e t r a t i o n  i n t o  the sub- 
s t r a t e .  Bor ide,  a lumin ide and s i l i c i d e  coa t ings  have a l s o  been i n v e s t i g a t e d  
on Cr-0.17Y and Cr-5W-0.18Y subst rates (6 ) .  Bor ide coat ings were u n s a t i s -  
f a c t o r y  due t o  poor o x i d a t i o n  and n i t r i d a t i o n  res i s tance .  The a lumin ide 
coat ings were undes i rab le  because the s u b s t r a t e  was e m b r i t t l e d  by inward 
d i f f u s i o n  f rom the  c o a t i n g .  The unmodif ied s i l i c i d e  was n o t  promis ing as 
a coa t ing  because t h e  DBTT o f  t he  coated and 2100°F (1420°K) air-exposed 
specimens was r a i s e d  t o  700°F (640°K) f rom t h e  o r i g i n a l  200°F (366°K) f o r  
2 
the  uncoated a l l o y .  An i r o n  mod i f ied  s i l i c i d e  coa t ing  was found t o  p r o t e c t  
Cr-0.17Y and Cr-5W-0.18Y aga ins t  o x i d a t i o n  and n i t r i d a t i o n  f o r  100 hours 
a t  2100°F (1420°K). 
p ro tec ted  Cr-0.17Y were Fe-Mo-W, Fe-Mo-W-Ti and V-Mo-W-Ti. These r e s u l t s  
show t h a t  s p e c i f i c  mod i f i ed  s i l i c i d e  coat ings  have d e s i r a b l e  fea tu res  and 
o f f e r  p o t e n t i a l  fo r  p r o t e c t i n g  chromium, bu t  f u r t h e r  work i s  requ i red  t o  
achieve o x i d a t i o n  res i s tance  w i t h o u t  an accompanying increase i n  t h e  DBTT. 
Other more h i g h l y  a1 loyed s i 1  i c i d e  m o d i f i e r s  which 
Wi th t h i s  as a background, TRW Inc. ,  w i t h  t h e  support  of’NASA Lewis, 
undertook a program o f  i n v e s t i g a t i o n  t o  f u r t h e r  develop coat ings f o r  chro- 
mium. Two chromium-base a l l o y s ,  C r - 5 W - O . 1 Y  and Cr-7Mo-2Ta-O.lY were sup- 
p l i e d  by NASA f o r  use i n  t h i s  program. I n  conceptual form, t h e  coa t ing  
systems inves t i ga ted  cons is ted  o f  two l a y e r s .  An ou te r  o x i d a t i o n  r e s i s t a n t  
coa t ing  and an in te rmed ia te  l a y e r  formed d i r e c t l y  on the  chromium a l l o y  
subs t ra te .  The in te rmed ia te  l a y e r  was intended t o  a c t  as a b a r r i e r  o r  s i n k  
t o  prevent  the  d i f f u s i o n  o f  n i t r o g e n  i n t o  the subs t ra te  and a l s o  t o  reduce 
the  vapor i za t i on  o f  chromium. 
The prepara t ion  o f  two coa t ing  systems, a s i l i c i d e - s i n k  system and 
a Kanthal (Fe-25Cr-3Co-4Al)-sink system was inves t iga ted .  The s i  1 i c i d e  
s i n k  system cons is ted  o f  an e x t e r i o r  t i t a n i u m  mod i f i ed  chromium s i l i c i d e  
separated from t h e  chromium a l l o y  subs t ra te  by an in te rmed ia te  s i n k  l a y e r  
o f  e i t h e r  chromium i n  which MgO p a r t i c l e s  were d ispersed o r  p rea l l oyed  
chromium-ytt r ium w i t h  d ispersed MgO p a r t i c l e s .  The Kanthal -s ink system 
cons is ted  o f  an ou te r  l a y e r  o f  Kanthal separated f rom the  subs t ra te  by 
e i t h e r  o f  two in te rmed ia te  b a r r i e r  l aye rs ;  an iron-Mg0 d i spe rs ion  a l l o y  
o r  a p rea l l oyed  i r o n - y t t r i u m  l a y e r  i n  which MgO p a r t i c l e s  were d ispersed.  
I n  a l l  cases a t i tan ium-modi f ied  chromiirm s i l i c i d e  coat ing ,  w i t h o u t  any 
in te rmed ia te  s i n k  l a y e r ,  served as a re ference coa t ing  f o r  these systems. 
The e f fec t i veness  o f  t h e  coat ings ‘was evaluated by t e s t i n g  i n  an a i r  
environment a t  2100°F (1420°K). 
The o b j e c t i v e  o f  t h i s  program was t o  develop and eva lua te  these 
coat ings f o r  p r o t e c t i n g  chromium-base a l l o y s  aga ins t  o x i d a t i o n  and n i t r i d a -  
t i o n  a t  2100°F (1420°K). 
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MATER I ALS 
The subs t ra te  a l l o y s  used i n  t h i s  work were supp l ied  by NASA 
Lewis. P re l im ina ry  work was done us ing  a nomitiat Cr -SW-O. l~ .a l lo$  (Hkat 
84-100) prepared under a separate NASA sponsored program (7) (NAS 3-7901 
and NAS 3-7919). The m a t e r i a l  used f o r  t h e  major p o r t i o n s  was a complex 
Cr-7Mo-2Ta-O.OgC-O.lY a1 l o y  (Heat 140-100 and 131-100) which was a l s o  
prepared under a separa te ly  sponsored NASA program (8)  (NAS 3-9417). 
analyses f o r  bo th  o f  these subs t ra te  a l l o y s  a re  g iven i n  Table I., The 
vendor analyses of  t h e  powders used t o  form t h e  in te rmed ia te  coa t ing  
layers  a r e  g i ven  i n  Table 1 1 ,  and t h e  analys s of  t h e  p rea l l oyed  Cr-T i  
s i l i c i d i n g  a r e  g iven i n  Table I l l .  
The 
powder, used t o  form the  t i t a n i z e d  l a y e r  and t t h e  s i l i c o n  powder used f o r  
4 
SAMPLE PREPARATION AND TEST PROCEDURES 
The s tandard ized procedures which were used f o r  the  i n i t i a l  
p repara t ion  o f  samples and subsequent eva lua t i on  o f  t h e  app l i ed  coat-  
ings a re  discussed i n  t h i s  sec t i on .  Since var ious  techniques f o r  ap- 
p l y i n g  t h e  coat ings  were used, each w i l l  be descr ibed i n  the  Coat ing 
Development sec t i on  o f  t h i s  r e p o r t .  
Sample Prepara t ion  
The a l l o y s  were recei-ved from NASA Lewis as 1 inch (25.4mm) by 
2 inch (50.8mm) coupons. The C r - 5 W - O . 1 Y  coupons were nominal ly  0,027 
inch (0.69mm) t h i c k  and t h e  Cr-7Mo-2Ta-O.OgC-O.lY coupons were nominal l y  
0.060 inch (1.52mm) t h i c k .  
I n  o rde r  t o  p rov ide  b e t t e r  cond i t i ons  f o r  coa t ing  a p p l i c a t i o n ,  
corners and edges o f  the  specimens were rounded by hand f i l i n g .  The 
specimens were then e l e c t r o p o l i s h e d  us ing  the  e l e c t r o l y t e s  and opera t -  
ing  cond i t i ons  g iven i n  Table I V .  Before us ing  t h e  bath,  i t  was condi -  
t ioned by p o l i s h i n g  una l loyed chromium coupons u n t i l  t h e  c o l o r  became 
dark green. A f t e r  e l e c t r o p o l i s h i n g ,  t h e  t e s t  coupons were vapor b l a s t e d  
and r i nsed  i n  isopropanol  be fore  app ly ing  t h e  coa t ing  layers .  
C y c l i c  A i r  Exposure Tes t i ng  
To e v a l u t e  the  o x i d a t i o n  res i s tance  o f  t h e  coat ings ,  one inch  
(25.4mm) by two inch  (50.8mm) specimens were supported on s i l i c a  pads 
i n  a box furnace and exposed t o  s low ly  f l o w i n g  a i r  a t  2100°F (1420°K). 
Uncoated coupons were p laced on alumina pads. The temperature was h e l d  
10°F (5°K)  o f  t h e  c o n t r o l  temperature. The h o t  zone o f  the  furnace 
was 12 X 10 X 8 inches (305 X 254 X 203mm) and the  a i  r f l o w  r a t e  was 
f o u r  volume changes per  hour.  Each coa t ing  system was tes ted  i n  t r i p l i -  
cate,  w i t h  one specimen being removed f o r  eva lua t i on  a f t e r .  100 hours 
exposure and t h e  remaining samples a f t e r  200 hours exposure t ime had 
been accumulated. 
room temperature,  v i s u a l l y  examined and weighed a f t e r  successive 2 hour 
exposures a t  temperature.  Thereaf te r ,  20 hour cyc les  were used between 
coo l i ng  and examinat ions.  The specimens were weighed a f t e r  removal f rom 
the  furnace, l i g h t l y  brushed and reweighed. A f t e r  each exposure pe r iod  
the specimens were tu rned over so t h a t  t h e  sur face  p rev ious l y  r e s t i n g  on 
the pad was exposed t o  t h e  furnace atmosphere. A t  t h e  end o f  100 o r  200 
hour exposures the  specimens were sub jec ted  t o  meta l lograph ic  and chemical 
anal ys i s . 
For t h e  f i r s t  20 hours the  specimens were cooled t o  
Metal loaraDhv and Chemical Ana lvs is  
The uncoated and coated coupons were examined as-prepared and 
a f t e r  o x i d a t i o n  t e s t i n g  t o  determine t h e  m i c r o s t r u c t u r a l  c h a r a c t e r i s t i c s  
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o f  the c o a t i n g  layers,  i . e . ,  t h e  ex ten t  o f  i n t e r d i f f u s i o n  o f  coa t i ng ,  
substrate,and n i t r i d e d  l a y e r .  Me ta l l og raph ic  samples were examined 
as po l  ished and a f t e r  e t ch ing .  The el-ectrol$ite e t t h a n t  used to determine 
n i t r i d e  p r e c i p i t a t i o n  i n  the  m a t r i x  beneath the  c o a t i n g  l aye rs  was a 
10 p a r t  concentrated s u l p h u r i c  a c i d  and 90 p a r t  water s o l u t i o n .  Micro- 
hardness p r o f i l e  measurements on as-coated and o x i d a t i o n  tes ted  coupons 
were made from the  o u t e r  su r face  o f  t he  c o a t i n g  i n t o  the  m a t r i x  us ing  
a Knoop indenter  w i t h  a 50 gram load. The ex ten t  o f  i n t e r d i f f u s i o n  o f  
major elemepts was evaluated us ing  an e l e c t r o n  microprobe analyzer  i n  
the  beam scanning X-ray r a s t e r  mode, and t h e  composi t ion o f  t h e  surface 
o x i d a t i o n  products was i n v e s t i g a t e d  by X-ray d i f f r a c t i o n .  
Chemical ana lys i s ,  us ing  a micro Kje ldah l  technique, was made 
f o r  n i t r o g e n  contaminat ion i n  the subs t ra te .  Before making the  a n a l y s i s  
the  coa t ing  l a y e r  was removed by d i sso lu t i i on  i n  a m i x t u r e , c o n s i s t i n g  o f  
1 p a r t  60 percent  h y d r o f l u o r i c  a c i d  and one p a r t  water, which d i d  n o t  
a t t a c k  the.Cr-7Mo-2Ta a l loy! .  The c o a t i n g  was considered t o  have been 
removed when no f u r t h e r  bubb l i ng  a c t i o n  was observed. 
uncoat.ed" qpqi-rnens was removed ,Iqi immsrsi-ng ,them i n - a  ,hot: c a u s t i c  .: 
s o l u t i o n  c o n t a i n i n g  120g/l NaOH and 37.4g/1 KMnO4at 2OOOF (366°K) f o r  
45 minutes. T h i s  was f o l l o w e d  by an e i g h t  minute immersion i n  an aqueous 
s o l u t i o n  c,onsist ing o f  35 volume percent concentrated HN03 p l u s  14 volume 
percent " N i  t raddl "  , 
as necesszkrfy t o  completely remove the  ox ide .  
Measurement o f  Bend T r a n s i t i o n  Temperature 
The ox ide  on t h e  
The successive t reatments were repeated as many t imes 
, I  
The bend t r a n s i t i o n  temperature was evaluated i n  Accordance w i t h  
M a t e r i a l s  Advisory Board recommended procedures (9 ) .  The t e s t  specimens 
were 2 inch (50.8mm) by 1 i nch  (25.4mm) X 0.060 inch (1.5mm) and were 
tes ted  i n  (he l o n g i t u d i n a l ,  i .e. ,  2 inch (50.8mm) d i r e c t i o n .  Samples 
were bent over  a 4T mandrel us ing  th ree -po in t  loading,  t h e  end load ing  
p o i n t s  being one inch (25.4mm) apart.. The bend equipment was conta ined 
i n  an e l e c t r i c a l l y  heated furnace. 
.L 
P r o p r i e t a r y  t rade  name f o r  a p i c k ' l i n g  a d d i t i v e  produced by Turco 
Products, I nc.  
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COATING DEVELOPMENT 
The i n i t i a l  phase o f  the  i n v e s t i g a t i o n  was concerned w i t h  var ious  
methods of app ly ing  t h e  b a r r i e r  l a y e r  t o  chromium and t h e  subsequent ap- 
p l i c a t i o n  o f  t h e  ex te rna l  l a y e r .  The r e s u l t s  o f  t h i s  work-prov ided.  
the bas is  f o r  the  s e l e c t i o n  o f  t h e  systems which were evaluated. 
. 
Three techiques, e l e c t r o d e p o s i t i o n ,  plasma spray and s l u r r y - s i n t e r  
were i nves t i ga ted  as t h e  means o f  forming t h e  in te rmed ia te  b a r r i e r  s i n k  
layers .  Two b a r r i e r  l a y e r  composi t ions were prepared. One o f  these con- 
ta ined  nomina l l y  s i x  weight  percent  M'gO, t h e  o t h e r  twe lve  weight  percent  
MgO. Plasma spray and s l u r r y  s i n t e r  techniques were a l s o  used t o  i n v e s t i -  
gate the  fo rmat ion  o f  Kanthal ex te rna l  coat ings.  The b a r r i e r  l aye rs  were 
t i t a n i z e d  and s i l i c i d e d  us ing  a vacuum-pack cementation technique. Work 
on the  d i f f e r e n t  methods o f  forming b a r r i e r  layers' and ex te rna l  coa t ings  
was done concur ren t l y .  
Development o f  In termediate Iron-MgO and Chromium-MgO B a r r i e r  Layers 
E 1 e c t  rop 1 at ' i  ng 
E l e c t r o p l a t i n g  was the f i r s t  method, examined as a means'for depos i t -  
ing  the  iron-Mg0 and chromium-Mg0 b a r r i e r  layers .  For t h i s  work, 255 
micron MgO p a r t i c l e s  were added t o  convent ional  i r o n  (10) and chromium 
e l e c t r o p l a t i n g  baths (11) hav ing composi t ions g iven i n  Table V .  I t  was no t  
poss ib le  t o  form p l a t e s  con ta in ing  MgO p a r t i c l e s  from e i t h e r  o f  these p l a t -  
ing  baths,  s ince  t h e  a c i d i c  bath reacted w i t h  the  b a s i c  MgO t o  form a t h i c k  
s ludge from which t h e  p a r t i c l e s  cou ld  n o t  be deposi ted.  However, i n  the  
absence o f  MgO both  i r o n  and chromium were success fu l l y  p l a t e d  o n t o  the 
C r - 5 W - O . l Y  a l l d y ,  a l t hough , [ ron  p la t ing  requ i red  a p r i o r  n i c k e l  s t r i k e .  
Plasma Spray 
Plasma spray techniques were a l s o  i nves t i ga ted  as a means o f  forming 
in te rmed ia te  layers  on 0.50 inch (12.5mm) X 0.50 i n c h  (12.5mm) C r - 5 W - O . 1 Y  
specimens. The spray ing parameters a r e  g iven i n  Table V I .  I n  some cases, 
the as-sprayed i r o n  MgO coa t ing  was b l a c k  o r  dark g ray  w i t h  reg ions o f  red 
co lo ra t ion .  X photograph and photomicrograph o f  the  coat ings  a r e  shown i n  
F igures 1 and 2. The coat ings  appeared t o  be dense and adhered t o  the  sub- 
s t r a t e .  
by b lanke t ing  w i t h  f l o w i n g  argon, b u t  these at tempts were unsuccessful .  I n  
o rder  t o  reduce the  o x i d i z e d  reg ions and t o  remove t h e  ox ide  f i l m  assoc iated 
w i t h  the  as-received powders, t h e  coupons were heated i n  a tungsten boat i n  
a p u r i f i e d  hydrogen atmosphere. A f t e r  t h e  hydrogen treatment t h e  iron-Mg0 
coat ings  had a cracked, mosaic appearance a f  poor bonding as shown i n  
F igure  3 .  
Attempts were made t o  exc lude a i r  f rom the  reg ion  o f  t h e  coupon 
Attempts were made t o  e l i m i n a t e  t h i s  c rack ing  by hea t ing  t h e  
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plasma sprayed coat ings f o r  as long as 10 hours a t  220OoF (1477°K) .  None 
o f  the t imes and temperatures i n v e s t i g a t e d  e l i m i n a t e d  c rack ing .  As a r e s u l t  
no f u r t h e r  work was done us ing  plasma spray ing as a means o f  d e p o s i t i n g  i r o n -  
MgO in termediate l aye rs .  
A t y p i c a l  plasma sprayed chromium-12 MgO coa t ing  had an appearance 
s i m i l a r  t o  the Iron-MgO coated coupon shown i n  F igu re  3 , except f o r  t he  
green ox ide Cr20 which p a r t i a l l y  covered the  surface. The m i c r o s t r u c t u r e  
o f  t he  as-sprayeg c o a t i n g  i s  shown i n  F igu re  4. The chromium-Mg0 coated 
coupons were t r e a t e d  i n  a hydrogen atmosphere t o  reduce Cr2O3. A s e r i e s  
o f  heat t reatments was performed i n  which the  t imes ranged from one t o  
f i v e  hours and temperatures f rom 1800°F (1255°K) t o  250OoF (1588°K). Based 
on examinat ion o f  m ic ros t ruc tu res  such as shown i n  F igu re  5, these hydrogen 
exposures o n l y  p a r t i a l l y  reduced t h e  ox ide,  l eav ing  an unreduced l a y e r  ad- 
j a c e n t  t o  the  subs t ra te .  The plasma spray technique a l s o  produced l a r g e  
regions o f  MgO a t  t he  su r face  on which an adherent t i t a n i u m  c o a t i n g  cou ld  
no t  be formed. For these reasons, plasma spray was abandoned as a means 
o f  forming t h e  i n te rmed ia te  b a r r t e r  l a y e r s  f o r  e v a l u a t i o n  samples. 
S1 u r r y - S i n t e r  
S l u r r y - s i n t e r  techniques (12) were a l s o  i n v e s t i g a t e d  as a means f o r  
forming both types o f  i n te rmed ia te  l aye rs .  A s l u r r y  was prepared by mix- 
ing  100 gm o f  t h e  approp r ia te  meta l -ox ide m i x t u r e  w i t h  120 m l  c e l l u l o s e  
n i t r a t e .  This  m i x t u r e  was sprayed o n t o  t h e  t e s t  specimen t o  formoa l a y e r  
approximately 0.004 inch (0.lmm) t h i c k  which was a i r  d r i e d  a t  100 F (311°K) .  
A f t e r  d ry ing ,  t h e  coupons were placed i n t o  a covered tungsten boat and 
s i n t e r e d  i n  a hydrogen atmosphere t o  d e n s i f y  and bond t h e  c o a t i n g  t o  the  
subs t ra te .  The i n l e t  hydrogen had a dew p o i n t  o f  -78°F (212°K) and an e x i t  
dew p o i n t  o f  -38°F (234'K). 
Several d i f f e r e n t  hea t ing  cyc les  were i n v e s t i g a t e d  t o  form t h e  i r o n -  
MgO b a r r i e r  l a y e r .  I n  each case a slow r i s e  t ime o f  f o u r  t o  s i x  hours t o  
s i n t e r i n g  temperature was used w i t h  the  f o l l o w i n g  s i n t e r i n g  c o n d i t i o n s :  
Temperature Time 
O F  " K  Hours 
1600 1144 1 
1800 1255 1 ,  5, 8 
2000 1366 5 
2400 1588 1 ,  2 
Although the  i r o n  p a r t i c l e s  s i n t e r e d  t o  form a d u c t i l e  c r a c k - f r e e  coa t ing ,  
a completely adherent bond cou ld  n o t  be formed w i t h  the  subs t ra te .  F igu re  6 
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i s  a t y p i c a l  example o f  t h e  l ack  o f  adherence observed w i t h  t h i s  coa t ing .  
The poor adherence o f  t he  coa t ing  i s  be l i eved  t o  be due t o  the  d i f f e r e n c e  
between the  s i n t e r a b i l i t y  and c o e f f i c i e n t s  o f  thermal expansion o f  i r o n  
and chromium. The values o f  these c o e f f i c i e n t s  (16,17) a r e  g iven below: 
' ' -  . O F  "K 
a-Fe 32-1472 273- 1745 
y-Fe 1660-2530 1189-1661 
C r  1292 973 




Because of t h e  r e s u l t s  obtained, add t iona l  work on i r o n - s l u r r y  coa t ings  was 
not  undertaken. 
The s l u r r y - s i n t e r  technique was a l s o  used to  form coat ings o f  chro- 
mium-Mg0. 
s i m i l a r  t o  those used f o r  t h e  iron-Mg0 system. F i g u r e  7 shows a photomicro- 
graph of  t h e  chromiym-12MgO c o a t i n g  Tnclud ing e l e c t r o n i  microprobe analyzer  (EMP) 
scans o f  t h e  d i s t r i b u t i o n  o f  chromium and magnesium. 
not always complet ly  reduced, i n d i c a t i n g  t h a t  t he  hydrogen atmosphere had 
a va ry ing  degree o f  p u r i t y .  
A1203 boat and completely surrounding t h e  sprayed coupon w i t h  50Cr-50Ti 
granules which acted as a g e t t e r ,  The boat was then placed i n t o  the  c o l d  
zone of  t h e  hydrogen furnace* -The Fdfnace wAs:evatuat&d t o  a pressure o f  50 
t o r r  b a c k f i l l e d  w i t h ' h i - g h  p u r i t y  argon and 'pu rged l fo r  F5 minutes. '  Th is  I 
c y c l e  was repeated and  pur i f i -ed  hydrogen was'then passed i n t o  t h e  furnace. 
A f t e r  a hydrogen f lame had been es tab l i shed  a t  t h e  furnace e x i t ,  t h e  boat 
was g r a d u a l l y  pushed i n t o  the  hot . i o n e  a t  2480°F (1,588"K) .over a p e r i o d ;  
o f  two hours,  he ld  a t  temperature f o r  two hours, immediately pushed i n t o  
the c o l d  zone and removed from the  furnace. The r e s u l t i n g  coa t ings  were 
f r e e  o f  ox ide  and were bonded. 
mediate l a y e r  appeared promising, i t  was used i n  subsequent work. 
The sample p repara t i on  and c o a t i n g  a p p l i c a t i o n  techniques were 
The coat ings were 
This  problem was e l i m i n a t e d  by us ing  a porous 
Since t h i s  method o f  depos i t i ng  an i n t e r -  
E lec t roDhore t i c  DeDosi t ion 
As a m o d i f i c a t i o n  o f  the s l u r r y - s i n t e r  process, in termediate b a r r i e r  
The methods were layers were a l s o  deposi ted by e l e c t r o p h o r e t i c  techniques. 
an adaptat ion o f  procedures descr ibed by Ortner  and Gebler (18) .  The d i s -  
pe rs ion  suspending v e h i c l e  was a m i x t u r e  o f  1 . 1  p a r t s  ni t romethane and one 
p a r t  anhydrous isopropanol .  The s o l i d  content  o f  t h e  d i spe rs ion  was a mix- 
t u r e  o f  chromium + MgO having a concen t ra t i on  o f  50 g / l .  Cobaltous n i t r a t e  
(0.12g/ l )  was added t o  t h e  d i s p e r s i o n  as an a c t i v a t o r  t o  increase the  depo- 
s i t i o n  r a t e  and a small  amount o f  z e i n  (0.48g/ l )  (corn p r o t e i n )  was added 
t o  increase the  green s t r e n g t h  o f  t h e  depos i t .  The specimen t o  be coated 
4 
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was the  cathode i n  the  bath which was operated a t  room temperature. The 
anode was a 20 mesh Monel screen formed t o  p rov ide  an i n t e r e l e c t r o d e  spac- 
ing  o f  0.75 inch (l.9mm). E lect rodes were a l s o  placed 0.75 inch (1.9mm) 
f rom the  bottom and top  edge o f  the coupon. The mlxeure was a g i t a t e d  t o  
prevent s e t t l i n g  o f  t h e  p a r t i c l e s .  Coatings 0.003 inch (0.076mm) t h i c k  
were deposi ted i n  one minute a t  75 v o l t s .  These coat ings which were sprayed 
w i t h  an a c r y l i c  p l a s t i c  t o  pe rm i t  handl ing p r i o r  t o  s i n t e r i n g  i n  hydrogen 
f o r  two hours a t  2400°F (1588°K). These 
coat ings formed by the  s l u r r y - s i n t e r  techniques. I n  o t h e r  respects,  t h e  
e l e c t r o p h o r e t i c  and s l u r r y - s i n t e r  chromium-Mg0 b a r r i e r  l aye rs  appeared 
t o  be i d e n t i c a l .  
analyzer  r a s t e r  scans o f  a t y p i c a l  e l e c t r o p h o r e t i c  chromium-Mg0 coa t ing .  
Because o f  t h e  p r e v i o u s l y  descr ibed d i f f i c u l t i e s ,  iron-Mg0 b a r r l e r s  were 
not  deposi ted us ing  t h e  e l e c t r o p h o r e t i c  technique. 
had a more u n i f o r m  th ickness than 
F igu re  8 shows a photomicrograph and e l e c t r o n  microprobe 
Development o f  In termediate Chromium-Yttrium-MgO B a r r i e r  Layers 
Work on development o f  chromium-yttrium-Mg0 b a r r i e r  l aye rs  was 
e s s e n t i a l l y  t he  same as f o r  t h e  chromium-Mg0 l a y e r .  The laye rs  were 
deposi ted by s l u r r y - s i n t e r  and e l e c t r o p h o r e t i c  techniques. 
p o s i t e d  l aye rs  were p laced i n  porous alumina boats,  completely surrounded 
by 50Cr-50Ti granules and s i n t e r e d  i n  hydrogen a t  atmospheric pressure.  
The i n l e t  dew p o i n t  was -78°F (212°K) and t h e  e x i t  dew p o i n t  was -38°F (234°K). 
A f t e r  2 hours a t  2 8 0 0 " ~  (1811°K)  t he  b a r r i e r  l a y e r  had v o l a t i l i z e d  l e a v i n g  
an uncoated subs t ra te ,  w h i l e  a f t e r  2 hours a t  2 6 0 0 " ~  (1700°K) o r  2 hours a t  
2400°F (1588°K) t h e  coat ings were s u f f i c i e n t l y  adherent t o  be handled b u t  
could be scraped from t h e  su r face .  The i n a b i l i t y  t o  s i n t e r  t he  chromium- 
y t t r i u m  powder i s  a t t r i b u t e d  t o  the  presence o f  y t t r i u m  ox ide  which was 
no t  reduced w i t h  hydrogen under the exper imental  c o n d i t i o n s  used (19) .  
The as.de- 
Development o f  External  Ox ida t i on  Res is tan t  Coatings 
Kanthal Coatings 
Kanthal coat ings 0.003 inch (0.076mm) t h i c k  were plasma sprayed, 
s l u r r y - s i n t e r  o r  e l e c t r o p h o r e t i c a l l y  deposi ted on C r - 5 W - O . 1 Y  o r  Cr-TMo-2Ta 
specimens a n d ' s i n t e r e d  f o r  one o t  two hours in ,hydrogen u s i n g  t h e  tecf iniques 
and approp r ia te  c o a t i n g  fo rma t ion  parameters p r e v i o u s l y  descr ibed. 
s i n t e r i n g  temperatures, 2400°F and 2600°F. (1588'K 
v e s t i g a t e d  us ing a f i v e  hour r i s e  t ime t o  each temperature. 
i n g  produced an adherent coa t ing ,  which a f t e r  hydrogen s i n t e r i n g ,  was exces- 
s i v e l y  porous. S l u r r y - s i n t e r  and e l e c t r o p h o r e t i c  coat ings showed deep 
cracks extending t o  the  ch-romium a l l o y  subs t ra te .  'Adherent c rack - f ree  
coat ings were formed by repeated spray ing and subsequently s i n t e r i n g  
Two 
and 1700°K) were i n -  
Plasma spray- 
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0.006 (0.15mm) thick layers for two hours at 2400°F (1588°K) in at- 
mospheric hydrogen using a 50Cr-50Ti getter sealed retort. Preliminary 
oxidation exposure of these coatings for 2.75 hours at 2100°F (1422°K) 
prduced a green oxide and a weight gain of 9.7 mg/cm2, indicating that 
the coating was not protective. After the same exposure conditions, a 
Kanthal rod was covered with a white oxide (Al203). 
Since adherent iron-Mg0 intermediate layers could not be formed, 
the applicability of Kanthal to the chromium-Mg0 layers was considered. 
Intermediate chromium-Mg0 layers formed by plasma-spray and slurry-sinter 
were coated with a Kanthal slurry, sintered in hydrogen for 1 hour at 
2400°F (1588°K) and static oxidation tested at 2100°F (1422'K). The 
results after 64 hours exposure are summarized below: 
Intermediate 
Coating Method Total Weight Change 










In view of these unfavorable results, no further work was done with the 
Kanthal system. 
Titanizing and Siliciding Cr-7Mo-2Ta 
Work on the development of parameters for titanizing Cr-7Mo-2Ta is 
summarized in Table V I I .  The coating from run 1 was not in the desired 
6-10 mg/cm2 range and was not evaluated further. The subsequent runs were 
made to evaluate the effects of varying coating parameters on the ability 
of the titanized layer to be silicided. 
The siliciding work is summarized in Table V I I I .  The first run 
resulted in a blistered coating indicating that the titanized layer, which 
had not besn annealed, could not be silicided under these conditions. Run 
2 showed that less vigorous siliciding conditions still resulted in blister- 
ing. This blistering was similar to the wrinkling previously observed by 
Solar ( 5 )  under Contract NAS 3-7266. The problem was eliminated by anneal- 
ing for four hours at 2400°F (1588°K) in an argon atmosphere at 150 torr. 
These titanizing and siliciding runs were used to select the coating para- 
meters for preparing base-line oxidation test specimens ( i  .e., with no 
barrier layer). 
1 1  
T i t a n i z i n g  and S i l i c i d i n g  o f  Chromium-MgO and Chromium-Yttrium-MgO B a r r i e r  
Lavers 
Work on t i t a n i z i n g  and s i l i c i d i n g  t h e  chromium-Mg0 b a r r i e r  l aye rs  
was done us ing  bo th  a l l o y  subs t ra tes .  The r e s u l t s  o f  t i t a n i z i n g  and s i l i -  
c i d i n g  experiments on chromium-Mg0 in te rmed ia te  l aye rs  a r e  g iven i n  Table I X .  
The t i t a n i u m  coa t ing  had a s a t i s f a c t o r y  sur face  appearance, except f o r  a 
s l i g h t  s i n t e r i n g  o f  pack p a r t i c l e s  t o  the  coat ing .  These p a r t i c l e s  were 
r e a d i l y  removed by g e n t l e  scraping.  The s i l i c i d i n g  o f  t h i s  coat ing  ( r u n  1 
Table X )  was n o t  successful  because o f  b l i s t e r i n g  and s i n t e r i n g  o f  s i  1 icon 
pack p a r t i c l e s  t o  the  coat ing .  A second t i t a n i z i n g  run us ing  t h e  parameters 
and heat t reatments developed f o r  coa t ing  Cr-7Mo-2Ta w i thou t  t h e  b a r r i e r  
l a y e r  , y i e l d e d  a coat ing  hav ing a smooth m e t a l l i c  appearance and a weight  
ga in  comparable t o  t h a t  ob ta ined on the  Cr-7Mo-2Ta subs t ra te .  When t h e  
coa t ing  was s i l i c i d e d  ( run  2 Table X) us ing  t h e  parameters f o r  Cr-7Mo-2Ta, 
the  s i l i c i d e d  coa t ing  was equ iva len t  t o  t h a t  obta ined on Cr-7Mo-2Ta. How- 
ever ,  t h e  coat ings  s p a l l e d  suggest ing t h a t  t o o  much s i l i c o n  was being de- 
pos i ted .  
~ 3 2 5  mesh A1203 i n  t h e  r a t i o  o f  one p a r t  s i l i c o n  t o  t h r e e  p a r t s  A1203 as 
shown i n  run 3 Table X .  
Th is  problem was so lved by us ing a s i l i c o n  pack d i l u t e d  w i t h  
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COATING SYSTEMS SELECTED FOR EVALUATION 
Based on t h e  preceding c o a t i n g  development a c t i v i t i e s ,  t h e  f o l l o w i n g  
s i x  systems were se lec ted  fo r  e v a l u a t i o n  us ing  Cr-7Mo-2Ta subs t ra te :  
I n t e  rmed i a t e  
B a r r i e r  Layer La ye r 
Cr-bv/o MgO 
Cr - l2v /o  MgO 
Cr-Y-bv/o MgO: 
Cr-Y-l2v/o MgO 
None Cr -T i -S i  ( 1  i g h t ) "  
None Cr -T i -S i  (heavy) 
Externa 1 
C r-T i -S i 
C r-T i -S i 
C r-T i -S i 
C r -T i -S i 
The b a r r i e r  l aye rs  were formed by s l u r r y - s i n t e r  and e l e c t r o p h o r e t i c  
depos i t i on .  The specimens were p lacad i n  a porous A1203 boat,  surrounded 
by g ranu la r  50Cr-50Ti and t h e  l aye rs  w e r e s i n r e r e d  i n  f l o w i n g  hydrogen a t  
atmospheric p ressure  f o r  2 hours a t  2400°F (1588°K). Adherent chromium- 
MgO b a r r i e r s  were formed; however, t h e  chromium-yttrium-Mg0 b a r r i e r s  were 
cons iderab ly  less  adherent.  Both types o f  b a r r i e r  l a y e r  coa t ings  were 
d i f f u s i o n  annealed i n  an atmosphemof 150 t o r r  argon f o r  f o u r  hours a t  
2400°F (1588°K) then t i t a n i z e d  and s i l i c i d e d  us ing  t h e  parameters g i ven  i n  
Tables X I ,  X I 1  and X I I I .  A f t e r  t i t a n i z i n g ,  t h e  specimens were heat  t r e a t e d  
f o u r  hours a t  2400°F (1588°K) be fo re  s i l i c i d i n g .  I n  o r d e r  t o  s i l i c i d e  t h e  
heavy coated specimens w i t h o u t  causing t h e  c o a t i n g  t o  s p a l l ,  i t  was necessary 
t o  use a d i l u t e d  pack w i t h  an A1203:Si r a t i o  o f  3 : l .  The c o a t i n g  we igh t  . 
assoc ia ted  w i t h  each o f  these sytems a r e  summarized i n  t h e  t h i r d ,  f o u r t h  and 
f i f t h  columns o f  Table X I V .  
.I. 
The l i g h t  c o a t i n g  was 5 . 5  mg/cm2 T i  and 14.7 mg/cm2 s i l i c o n .  
The heavy c o a t i n g  was 11.6 mg/cm2 T i  and 12.1 mg/cm2 s i 1  icon. 
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RESULTS OF COATING SYSTEMS EVALUATION 
The f o l l o w i n g  e v a l u a t i o n  t e s t s  were made on Cr-7Mo-2Ta i n  the  
uncoated c o n d i t i o n  and a f t e r  c o a t i n g  w i t h  t h e  s i x  systems p r e v i o u s l y  de- 
s c r  i bed : 
1 )  r es i s tance  t o  c y c l i c  a i r  o x i d a t i o n  a t  2100°F (1422"K), 
2) n i t rogen  contaminat ion i n  the  subs t ra te  d u r i n g  o x i d a t i o n ,  
3)  bend duct i 1 i t y  t r a n s i t  ion temperature, 
4) chemical composi t ion o f  t h e  sur face o x i d a t i o n  products o f  coated 
and uncoated specimens, 
5 )  meta l l og raph ic  examination o f  t h e  c o a t i n g  and s u b s t r a t e  before and 
a f t e r  o x i d a t i o n  exposure, 
6) the ex ten t  o f  i n t e r d i f f u s i o n  associated w i t h  the o x i d a t i o n  exposure. 
Oxidat ion Tests 
Specimens o f  t h e  s i x  c o a t i n g  systems and uncoated Cr-7Mo-2Ta were 
c y c l i c  o x i d a t i o n  tes ted  a t  2100°F (1422°K) i n  a i r  f o r  200 hours. The 
weight change r e s u l t s  a r e  presented i n  Table X I V .  Several o f  t he  c o a t i n g  
systems e x h i b i t e d  e s s e n t i a l l y  equ iva len t  weight gains.  
change values, grouped accord ing t o  c o a t i n g  systems which showed equ iva len t  
weight changes, a re  summarized i n  F igu re  9. 
The average weight 
Uncoated specimens e x h i b i t e d  weight gains f o r  t h e  f i r s t  100 hours 
exposure, then severe ly  s p a l l e d  d u r i n g  the  next  20 hour increment and 
cont inued t o  s p a l l  a t  a less c a t a s t r o p h i c  r a t e  f o r  t he  remaining 80 hours 
exposure. A l l  o f  t he  b a r r i e r  l a y e r  specimens showed some degree o f  s p a l l -  
ing  (Table X I V ) ,  and t h e r e  were no major d i f f e r e n c e s  i n  the performance 
o f  systems a t t r i b u t a b l e  e i t h e r  t o  t h e  use o f  y t t r i u m  o r  d i f f e r e n t  amounts 
o f  MgO I n  the  p repara t i on  o f  t he  coa t ing  systems. I n  general t h e  c o a t i n g  
systems having e l e c t r o p h o r e t i c a l l y  deposi ted b a r r i e r  l a y e r s  e x h i b i t e d  
lower weight ga ins than systems having s l u r r y - s i n t e r  b a r r i e r  l aye rs .  The 
C r - T i - S i  base l i n e  systems e x h i b i t e d  t h e  lowest average weight change a f t e r  
200 hours exposure, w i t h  the  l i g h t  system having g r e a t e r  s p a l l i n g  and a 
s l i g h t l y  h ighe r  average weight ga in  than t h e  heavy system. F igu re  10 shows 
the appearance o f  rep resen ta t i ve  specimens from each c o a t i n g  system a f t e r  
200 hours exposure. 
N i t rogen  Contamination I n  Cr-7Mo-2Ta Substrate 
A f t e r  o x i d a t i o n  t e s t i n g  f o r  100 and 200 hours, specimens were r e -  
moved from t e s t  f o r  n i t r o g e n  a n a l y s i s .  
coa t i ng  were removed from a sample o f  t he  o x i d a t i o n  t e s t  specimen by a c i d  
The surface o x i d a t i o n  products and 
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etching. Although the acid reagent did not react with the substrate 
alloy, it did react with the diffusion zone immediately beneath the 
coating so that the samples submitted for analysis were about 0.001 
inch (0.025mm) thinner per side than as-received. The nitrogen de- 
terminations were made using a micro-Kjeldhal technique and the results 
are summarized in Table XV. The compositions reported represent the 
total nitrogen content of the sample, i.e., the amount of nitrogen 
originally present in the alloy plus the amount of contamination after air 
exposure. Because the sample was dissolved during analysis, the values 
are average for the entire sample. 
Bend Transition Temperature Testing 
After 100 and 200 hours oxidation exposure at 2100°F (1420°K) in 
All of the oxidized specimens were brittle at 1420 to 1430"F, (1055 
air, one specimen from each coating system was subjected to DBTT bend test- 
ing. 
to 1083°K). However, the alloy specimens as-received from NASA were ductile 
at l:Q9@!F (861"K), which was the lowest temperature used for making bend tests. 
This ducti 1 i ty was expected since the a1 loy producer; (8) reported a transi- 
tion temperature of 548°F (560°K). 
embrittlement was produced by the heat treatment or nitrogen contamination, 
an uncoated specimen was subjected to the thermal cycle used to form the 
Cr-Ti-Si (light coating) at a pressure of 150 torr argon in a 50Cr-50Ti getter 
sealed retort. This specimen was brittle at 1490°F (1083°K) as was a Cr-Ti-Si 
(light) coated specimen. The appearance of these specimens after testing is 
shown in Figure 1 1 .  Specimen of the Cr-Ti-Si (heavy) coating as well as each 
of the four barrier layer systems were also brittle at 1430°F (1083°K). The 
post test appearance of the fractures in these specimens was similar to the 
specimens shown in Figure 1 1 .  
In an effort to determine whether the 
Chemical Composition of the Surface Oxidation Products 
After oxidation exposure, the composition of the surface oxidation 
products for each of the systems investigated was determined by X-ray dif- 
fraction analysis. Table XVI summarizes the results for all specimens after 
200 hours exposure, except for Cr-Ti-Si (light) which was evaluated after 
100 hours exposure. The compositions of the oxides were obtained by com- 
parison of the experimentally observed d-spacing with tabulated values(20). 
In addition to the compounds identified, other unidentified peaks were 
observed which may be complex silicides, oxides or silicates not catalogued. 
The only oxide detected on uncoated Cr-7Mo-2Ta was Cr2O3. 
ing systems lines were indexed for Cr203 and in some cases Ti02. 
yelationwas apparent for the appearance of Ti02. For future reference, 
the d-spacings and peak heights used in this analysis are compiled in 
Appendix 1 t o  this report. 
All of the coat- 
No general cor- 
Microstructural examinations were made on the as-received ,uncoated 
alloy also after 200 hours oxidation exposure at 2100°F (1422°K). Three 
coating systems having the lowest weight gains after 200 hours oxidation 
at 2100°F (1422°K) were selected for comprehensive evaluation. These 
were: Cr-Ti-Si (1 ight), Cr-Ti-Si (heavy) and Cr-12 MgO/Cr-Ti-Si in which 
the Cr-MgO layer was electrophoretically deposited. Only one barrier 
system was evaluated because of the essential similarities among all of 
the barrier layer systems. 
Figure 12 summarizes the light microscopy and EMP X-ray images 
obtained for the as-received Cr-7Mo-2Ta alloy. The average KHN of the 
alloy was 389. Metallographic examination of  the alloy revealed the 
presence of two segregated phases. 
it was found that chromium and molybdenum were uniformly distributed 
throughout the alloy, 
phase sol id solution and that tantalum (Figure :12e) was segregated. 
Yttrium (Figure 12f) was also segregated and the particles were elongated 
in the rolling direction of the alloy. Although it could not be shown by 
an X-ray scan, local examination revealed that oxygen was associated with 
the yttrium segregates. 
From the EMP examination of the alloy, 
(Figure 1.2 c,d)., as would be expected from a single 
Figure 13 presents KHN values of the indentations found in a 
specimen of the-uncoated alloy after 200 hours exposure to 2100°F (1422°K) 
air. The absence o f  intergranular nitride precipitates, the low hardness 
toward the center of the specimens indicate .that nitrogen has not been 
concentrated at the surface. An EMP scan confirmed the absence of a$ 
nitrogen gradient. The large grain bounda'ry segregates in the region near 
the center of the photomicrograph were not identified. 
Figure 14 shows a photomicrograph of another region in the oxidized 
uncoated'alloy and also presents EMP images for the same region." 
chromium X-ray photograph (Figure 14c) qual itatively shows a gradual de- 
pletion in concentration from the matrix to the oxide surface. 
X-ray image (Figure 14d) corroborates the X-ray diffraction results whi<ch 
show Cr2O3 at the specimen surface. There is also an apparent'concentra- 
tion of molybdenum (Figure 14e) at the oxide-substrate interface. The 
extent of the segregation of tantalum (Figure 14f) and yttrium (Figure. 
149) was not changed by oxidation exposure and local EMP examination again 
revealed that oxygen was associated with yttrium. 
The- 
The oxygen 
Figure .15 presents the photomicrographs and m;Tc.rohardn.ess; traverses 
o f  the Cr-Ti-Si (light) coating system in the as-coated condition and after 
100 hours exposure to air at 2100°F (1422°K). 
of the same specimens. 
Figure 16 shows the EMP scans 
c 
1 ,  
- r .  
- 
.I- 
" I n  Figures 14, 16, 18 and 20 the EMP X-ray photomicrographs are direct re- 
productions, whereas the optical photomicrographs are mirror Images of the 
regions photographed. This inversion of images is caused by differences in 
the optical systems of the EMP and the metallograph used to examine the 
specimens. 
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I n  the as-coated c o n d i t i o n ,  t he  c o a t i n g  system was cha rac te r i zed  
Approximately i n  the middle o f  the c o a t i n g  l a y e r  the re  i s  a reg ion,  
by a sharp i n t e r f a c e  between the  c o a t i n g  and t h e  coated subs t ra te  (F igu re  
15a). 
which appears as a s p o t t y  zone on t h e  photomicrograph (F igure 15a) b u t  
the EMP e l e c t r o n  abso rp t i on  image (F igu re  16c) showed i t  t o  have a d e f i n i t e  
s t r u c t u r e .  I n  the  coa t ing ,  chromium (F igure 16e) and tanta lum concentra- 
t i o n s  (F igure 1 6 i )  g r a d u a l l y  decreased away f rom the coa t ing -subs t ra te  
i n t e r f a c e  and t h e  concen t ra t i on  o f  molybdenum (F igure 16f )  decreased 
a b r u p t l y  a t  t h e  coa t ing -subs t ra te  i n t e r f a c e .  The presence o f  tanta lum 
and molybdenum i n  t h e  coa t ing  i n d i c a t e d  t h a t  these elements d i f f u s e d  from 
the subs t ra te  d u r i n g  t h e  fo rma t ion  o f  t he  coa t ing .  The concen t ra t i ons  of  
t i t a n i u m  (F igure 1 6 j )  and s i l i c o n  (F igure 16m) a r e  h ighes t  a t  the e x t e r n a l  
sur face of the  c o a t i n g .  Beneath these e x t e r n a l  zones, t he re  i s  a reg ion  
i n  which the concen t ra t i ons  o f  these elements a r e  lower, b u t  e s s e n t i a l l y  
un i form.  
subst r a t e .  
T i tan ium and s i l i c o n  d i d  n o t  pene t ra te  from the  c o a t i n g  i n t o  t h e  
A f t e r  100 hours o f  c y c l i c  o x i d a t i o n  exposure, a d i f f u s i o n  zone 
(F igures l5b,  16b) had formed between the  c o a t i n g  and t h e  subs t ra te .  Th is  
d i f f u s i o n  zone was cha rac te r i zed  by h i g h  hardness. The r e l a t i v e  i n t e n s i t i e s  
o f  t h e  X-ray images i n d i c a t e d  t h a t  t he  d i f f u s i o n  zone d i d  n o t  a c t  as a 
b a r r i e r  t o  the  outward d i f f u s i o n  o f  chromium (F igure 169) o r  molybdenum 
(F igu re  16hl.  Tantalum segregat ion (F igure 16k) was observed a t  t h e  d i f -  
f u s i o n  zone-substrate i n t e r f a c e .  The i n t e n s i t y  o f  t he  respec t i ve  X-ray 
images i n d i c a t e d  t h a t  t i t a n i u m  (F igu re  161) had n o t  penetrated i n t o  the  
c o a t i n q  as f a r  as t h e  d i f f u s i o n  zone and t h a t  s i l i c o n  (F igu re  160) penetra- 
um and i n t o  t h e  d i f f u s i o n  zone. No evidence o f  t ed  f u i t h e r  than t i t a n  
n i t rogen con.tami na t  i o n  
s t r a t e s  was found by m 
F igu re  17 shows 
o f  e i t h e r  t h e  as-coated or the  o x i d a t i o n  t e s t e d  sub- 
crohardness measurement and EMP analyses. 
photomicrographs and microhardness data f o r  t h e  - .  
C r - T i - S i  (heavy) syste.., 'as coated, and a f t e r  100 and a f t e r  200 hours 
o x i d a t i o n  exposure a t  2100°F (1422°K). The e s s e n t i a l  f ea tu res  o f  t h e  coa t -  
ing  a r e  the  same as f o r  t he  C r - T i - S i  ( l i g h t )  system; i .e . ,  a hard c o a t i n g  
w i t h  an i n t e r n a l  s t r u c t u r e .  The d i f f e r e n c e s  i n  the  appearance o f  t h e  
i n t e r f a c e  regions a r e  a r t i f a c t s  a t t r i b u t e d  t o  v a r i a b i l i t y  i n  the  e t c h i n g  
c h a r a c t e r i s t i c s  r a t h e r  than t o  changes r e s u l t i n g  from thermal exposure. 
The EMF photographs o f  t h e  as-coated specimens presented i n  F i g u r e  
18 shows t h a t  i n  the c o a t i n g  the  concen t ra t i ons  o f  chromium (F igu re  18e) 
and t a n t a  1 um (F igu re  18 i ) gradua 1 1 y decrease away f rom t h e  c o a t i  ng-sub- 
s t r a t e  i n t e r f a c e .  Comparison o f  F igures 18k and 18m shows t h a t  f o r  t h i s  
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specimen t i t a n i u m  (F igure 18k) penetrated f u r t h e r  than s i 1  icon (F igu re  
18m). Y t t r i u m  (F igure 180) was again present  as segregated p a r t i c l e s .  
Aluminum (F igure 18s) and oxygen (F igure 18s) were detected a t  t he  o u t e r  
sur face o f  t he  coa t ing .  
used du r ing  t h e  s i l i c i d i n g  s tep.  
The source o f  these elements was the A1203 d i l u e n t  
A f t e r  200 hours o x i d a t i o n  exposure chromium (F igure 18f )  had d i f -  
fused t o  the  c o a t i n g  sur face,  g radua l l y  decreased i n  concen t ra t i on  f rom 
the subs t ra te  t o  the c o a t i n g  sur face and was depleted a t  t h e  c o a t i n g  sub- 
s t r a t e  i n t e r f a c e .  The concen t ra t i on  o f  molybdenum (F igu re  18h) g r a d u a l l y  
decreased towards the  c o a t i n g  sur face and the re  was a l s o  evidence o f  de- 
p l e t i o n  a t  t h e  c o a t i n g  subs t ra te  i n t e r f a c e .  Th is  coa t ing -subs t ra te  i n t e r -  
face reg ion  was enr iched i n  tanta lum (F igure 1 8 j ) .  The coa t ing -subs t ra te  
i n t e r f a c e  a l s o  appeared depleted i n  t i t a n i u m ,  and t i t a n i u m  a l s o  penetrated 
i n t o  the  s u b s t r a t e  (F igu re  181). The p e n e t r a t i o n  o f  s i 1  icon (F igu re  18n) 
i n t o  the subs t ra te  was less  pronounced than t i t a n i u m  and n o t  as f a r  beyond 
the coa t ing -subs t ra te  i n t e r f a c e .  No aluminum was detected a t  the su r face  
(F igure 1 8 r ) ,  p o s s i b l e  due t o  the  s p a l l i n g  o f  t he  o u t e r  c o a t i n g  l a y e r  
du r ing  o x i d a t i o n .  
chromium and t i t a n i u m  a t  t he  ou te r  su r face  o f  t h e  coa t ing .  
Oxygen (F igure 18t )  was found t o  be associated w i t h  the 
F igu re  19 shows photomicrographs and microhardness t rave rses  through 
the coa t ing  and subs t ra te  f o r  the Cr-12MgO/Cr-Ti-Si c o a t i n g  system as- 
coated, a f t e r  100 hours,  and 200 hours a i r  o x i d a t i o n  exposure a t  2100°F 
(1422"K). The reg ion  between the dense o u t e r  c o a t i n g  and the a l l o y  sub- 
s t r a t e  conta ined considerable p o r o s i t y ,  which may have been caused by an 
i n s t a b i l i t y  o f  MgO d u r i n g  t h e  c o a t i n g  fo rma t ion  c y c l e .  
r e l a t i v e l y  hard zone i n  t h e  cen te r  o f  t h e  c o a t i n g  which p e r s i s t e d  through- 
o u t  the exposure l i f e  o f  t h e  coa t ing .  T h i s  reg ion  was s o f t e r  than the  
corresponding regions i n  the  C r - T i - S i  systems, (Figures 15 and 17).  There 
was a l s o  a r e l a t i v e l y  s o f t  o u t e r  su r face  reg ion  s i m i l a r  t o  t h a t  formed on 
the C r - T i - S i  (heavy) system (F igure 17). The h i g h  microhardness va lue  i n  
the subs t ra te  immediately below the c o a t i n g  suggests n i t r o g e n  comtamination. 
However, n i t r i d e  p r e c i p i t a t e s  were n o t  m e t a l l o g r a p h i c a l l y  detected i n  t h e  
p o r t i o n  o f  t h e  specimen examined. 
There i s  a l s o  a 
F igu re  20 presents the  EMP images o f  t he  specimen i n  the as-coated 
c o n d i t i o n  and a f t e r  200 hours a i r  o x i d a t i o n  exposure. I n  t h e  as-coated 
c o n d i t i o n ,  t h e r e  was a chromium concen t ra t i on  g r a d i e n t  (F igure 20e) i n  the  
coa t ing  through ,the s i l i c i d e d  reg ion (F igure 20m) o f  t h e  coa t ing .  The 
b a r r i e r  l a y e r  d i d  no t  prevent  the outward d i f f u s i o n  o f  e i t h e r  molybdenum 
(F igure 209) o r  tanta lum (F igu re  2 0 i )  from the  s u b s t r a t e .  T i tan ium (F igu re  
20k) penetrated s l i g h t l y  i n t o  the s u b s t r a t e  and the t i t a n i z e d  reg ion  of t h e  
c o a t i n g  was n o t  completely s i  1 i c i d e d  (F igu re  20m). 
18 
After 200 hours cyclic oxidation at 2100°F (1422"k) there was 
evidence of chromium diffusion outward into the coating layer. How- 
ever, the outward diffusion of molybdenum (Figure 20h) was restricted 
to the barrier layer region. The barrier did not limit the outward 
diffusion of tantalum (Figure 20j). However, there was evidence of 
segregation near the barrier-substrate interface which was also the 
1 imit of titanium penetration (Figure 201). 
gated in the coating layers (Figure 20p). A s  previously found for 
coatings which were silicided in a pack diluted with A1203, aluminum 
(Figure 20q,r) and oxygen (Figure 20s,t) were detected at the outer 
surface of the coating. 
Yttrium was again segre- 
19 
D I S C U S S I O N  OF RESULTS 
Three c o a t i n g  systems were i nves t i ga ted  f o r  use as a means o f  pro-  
t e c t i n g  Cr-7Mo-2Ta-O.OgC-O.lY aga ins t  o x i d a t i o n  and n i t r o g e n  contamina- 
t for t  from 2100°F (1422°K) a i r .  One o f  these was a t i t an ium-mod i f i ed  
chromium s i l i c i d e  formed d i r e c t l y  on t h e  chromium a l l o y .  The o t h e r  two 
were b a r r i e r  l a y e r  systems. I n  conceptual form each b a r r i e r  l a y e r  system 
cons is ted  o f  two laye rs ;  an o x i d a t i o n  r e s i s t a n t  e x t e r i o r  C r - T i - S i  coat -  
ing  and, an in termediate l a y e r  formed d i r e c t l y  on the  chromium a l l o y  sub- 
s t r a t e .  Two in termediate l a y e r s  were i v e s t i g a t e d .  One o f  these consis ted 
o f  a chromium l a y e r  i n  which MgO p a r t i c l e s  were dispersed, the o t h e r  was 
a p rea l l oyed  chromium-ytt r ium l a y e r  a l s o  c o n t a i n i n g  MgO p a r t i c l e s .  The 
nominal MgO content  o f  these systems was e i t h e r  6 o r  12 volume percent .  
Since the  o x i d a t i o n  performance and t h e  microscopic  appearance of  a l l  
f o u r  b a r r i e r  l a y e r  systems were e s s e n t i a l l y  t he  same, o n l y  the Cr-l2MgO/ 
C r - T i - S i  system was cha rac te r i zed  by me ta l l og raph ic  a n a l y s i s .  
As shown i n  Table X I V  and F igu re  9, a l l  s i x  o f  t he  c o a t i n g  systems 
had lower o x i d a t i o n  weight changes than uncoated Cr-7Mo-2Ta a l l o y .  Ap- 
p rox ima te l y  equ iva len t  weight gains were found f o r  coa t ings  which used 
e i t h e r  unal loyed chromium o r  p r e a l l o y e d  chromium-yttr ium powders. Lower 
o x i d a t i o n  weight gains f o r  e l e c t r o p h o r e t i c a l l y  deposi ted b a r r i e r  l aye rs  
a r e  a t t r i b u t e d  t o  t h e  format ion o f  a more dense and more un i fo rm b a r r i e r  
l a y e r  than was formed by s l u r r y - s p r a y  techniques. Ox ida t i on  weight gains 
f o r  a l l  f o u r  o f  t h e  b a r r i e r  l a y e r  coat ings systems were h ighe r  than f o r  
the C r - T i - S i  (1 i g h t )  and C r - T i - S i  (heavy):coaEing. Th is  r e s u l t  was obta ined 
because the  C r - T i - S i  l a y e r  on t h e  b a r r i e r  coa t ing  systems was no t  mod i f i ed  
by t h e  presence o f  molybdenum o r  tantalum, whereas the  C r - T i - S i ( 1 i g h t )  and 
C r - T i - S i  (heavy) coa t ings  formed d i r e c t l y  on the  Cr-7Mo-2Ta subs t ra te  con- 
ta ined  these mod i f y ing  elements which improved o x i d a t i o n  res i s tance .  The 
weight ga in found f o r  t he  Cr-Ti-Si(heavy) c o a t i n g  was s l i g h t l y  lower(  and 
t h e  t ime-weight g a i n  curve more uni form) than f o r  t he  C r - T i - S i  ( 1  i g h t )  
coa t i ng .  The C r - T i - S i  (heavy) c o a t i n g  was s i 1  i c i d e d  us ing  a pack which 
was d i l u t e d  w i t h  A1203. 
the c o a t i n g  by EMP examination and t h e  improved o x i d a t i o n  res i s tance  i s  
a t t r i b u t e d  t o  t h e  presence o f  A1203 a t  t he  c o a t i n g  sur face.  
process, no MgO p a r t i c l e s  were m e t a l l o g r a p h i c a l l y  detected i n  the b a r r i e r  
l a y e r .  EMP r a s t e r  scans from t h e  e x t e r n a l  c o a t i n g  su r face  i n t o  t h e  sub- 
s t r a t e  showed no s i g n i f i c a n t  r a d i a t i o n  from magnesium. Consequently, a 
magnesium X-ray phOtograph was not  included i n  F igu re  20. Photomicro- 
graphs o f  t h e  c o a t i n g  (F igure lga ,  20a) showed a porous, s t r u c t u r e d  reg ion  
immediately above the  subs t ra te .  It i s  suggested t h a t  t h i s  was t h e  reg ion  
which contained MgO and t h a t  t he  ox ide  was uns tab le  d u r i n g  t h e  t i t a n i z i n g  
s tep of  coa t i ng  process (F igure 20b). 
Aluminum and oxygen were found a t  the sur face o f  
A f t e r  complet ion o f  the b a r r i e r  depos i t i on  and Cr-T i -S i  c o a t i n g  
” r-- , 
20 
The bend transition temperature of the substrate was raised by the 
This may be attributed to several factors acting either coating process. 
singly or in combination. Titanium or silicon penetration into the sub- 
strate may have produced embrittlement. However, this does not seem likely 
based on the work of Stephens and Klopp (6) which showed that titanium 
and silicon coatings did not embrittle Cr-0.17Y or cr-5w-o.18Y. Nitrogen 
contamination, with consequent embrittlement, may have occurred during 
titanizing or siliciding, since the Cr-Ti powder used for the getter seals, 
as well as for titanizing the substrates contained about 0.045 weight per- 
cent nitrogen (See Table 3 ) ,  Evolution of this nitrogen during the 
titanizing step, or in the case of the barrier layer systems during the 
sintering step may have resulted in nitrogen contamination of the substrate. 
The thermal treatments used either to sinter the barrier layers or to dif- 
fusion anneal the titanized coating layer could also have caused embrittle- 
ment since a comparable thermal treatment on an uncoated specimen produced 
a similar increase in the DBTT. 
The development of useful coatings for chromium base alloys will 
be dependent on attaining protective coatings from processing treatments 
which d o  not depend on coating cycles that can significantly degrade the 




Based on the  exper imental  data f rom t h i s  program, the  f o l l o w i n g  
conclusions were made. 
1 .  Because of  t he  r e l a t i v e l y  h i g h  (>1490°F (1055O.K) d u c t i l e - t o  b r i t t l e  
bend t r a n s i t i o n  temperature o f  t he  coated subs t ra te ,  t he  coat ings 
evaluated were no t  considered usable as p r o t e c t i v e  systems f o r  advanced 
t u r b i n e  components. 
2. Although n i t r o g e n  contaminat ion could be a c o n t r i b u t i n g  f a c t o r ,  t h e  
r e l a t i v e l y  h i g h  d u c t i l e - t o - b r i t t l e  bend t r a n s i t i o n  temperature was 
a t t r i b u t e d  t o  the  e f f e c t  o f  thermal t reatment  d u r i n g  the c o a t i n g  process. 
3 .  A f t e r  o x i d a t i o n  t e s t i n g ,  t o t a l  n i t r o g e n  content  i n  the subs t ra te  was 
e s s e n t i a l l y  the same f o r  each coa t ing .  
the n i t r b g e n  content  was t y p i c a l l y  0.008 weight percent  a f t e r  100 hours 
and 
weight percent  i n i t i a l l y  present i n  the  Cr-7Mo-2Ta. 
A f t e r  t e s t i n g  i n  a i r  a t  210OoF 
0.01 weight percent  a f t e r  20C hours c y c l i c  t e s t i n g  compared t o  0.0022 
4. Based on weight g a i n  measurements a f t e r  c y c l i c  o x i d a t i o n  t e s t i n g  i n  a i r  
a t  2100°F (1422OK) f o r  200 hours, the order  o f  i nc reas ing  weight ga in;  
i . e . ,  decreasing p r o t e c t i o n ,  prov ided by t h e  s i x  c o a t i n g  systems was: 
1 .  C r - T i - S i  (heavy) 
2. C r - T i - S i  ( l i g h t )  
3 .  Cr-Y-12 MgO ( s l u r r y ) ,  Cr-Y-12 MgO ( e l e c t r o p h o r e t i c ) ,  
C r - Y - 6  and 12 MgO ( e l e c t r o p h o r e t i c ) ,  c r - 6  and-12 MgO 
( e l e c t r o p h o r e t i c  
4. c r - 6  and -12 MgO ( s l u r r y )  
5 .  Me ta l l og raph ic  examinat ion o f  t h e  MgO b a r r i e r  l a y e r  coat ings as-formed 
and a f t e r  100 and 200 hours o f  o x i d a t i o n  t e s t i n g ,  revealed a reg ion  
of p o r o s i t y  which was b e l i e v e d  t o  have r e s u l t e d  f rom some chemical i n -  
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TABLE I .  - AVERAGE COMPOSITION OF CHROMIUM-SASE ALLOYS 
(WEIGHT PERCENT (REFST .- 7.. and 8). 
\ 
C r - 5 W - O . I Y  
Heat 84-100 









C r - 7Mo- 2Ta 
Heat 140-100 Heat 131-100 
>k b 
I ngot Sheet I ngo t Sheet 
.0.05/ 0.05 <0.05/ 0.05 
0.14/0.21 0.07/0.11 
7.09/7.15 6.97/7.05 
2.1112.16 2 .0v2 .13  
0.089/0.103 0.103 0.098/0.09 1 0.099 
0.12/0.12 0.04/0.04 
0.0128/0.0136 0.0049/0.0064 0.0049$ 
0.0095/0 0087 0,0028 ’ 0029 0.0005/0.0006 0,001 625 
0.0014/0.0032 0.0033 











0.0005/0.0006 0.001 6+5 
<0.002/<0.002 <o, 002 











” Top/Bo$tom a n a l y s i s  o f  i n g o t .  
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TABLE I I .  - COMPOSITION OF POWDERS USED TO FORM 
THE INTERMEDIATE COATING LAYERS 
(WEIGHT PERCENT) 
M a t e r i a l  Composit ion 
E 1 ement C r  C r - Y  MgO Fe Kp n t ha 1 





















p a r t i c l e  
d i ameter , 
microns 
99.2 99.66 25 
0 . 3 4 ( 3 )  
0.11 (1) <0.001 Bal . 
0.5 
0.075 0.01-0.1 0.01-0.1 99.9(2) Ba l .  
0.035 0.01-0.1 0.001-0.005 4 
0 a 007 - 
0.003 - 

















2- 5 3.0 0.68 
"' Reported as MgO 
'2' Carbonyl ".' Estimated by d i f f e r e n c e  I ron, no o t h e r  values repo r ted  
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TABLE I l l  - COMPOSITION OF MATERIALS USED TO FORM THE 
(WE I GHT PERCENT) T I  TAN I ZED AND S I L I C I DED COAT I NG LAYERS 
E 1 emen t 
C r  





S i  
Ca 
M a t e r i a l  Composit ion 

















TABLE I V . -  ELECTROPOLlSHlNG PROCEDURE USED TO PREPARE C H R O M I U M  SAMPLES 
Mater i a 1 
Concentrated Su lphur i c  Ac id  
85 percent  Ortho Phosphoric A c i d  
C i t r i c  Ac id  
Water 
cu r  r e n t  Dens i t y  , amps/ i n2 
Tempera t u r e  
Cathode M a t e r i a l  
E l e c t r o l y t e  f o r  E l e c t r o l y t e  for  
C r - 5 W - O : l Y  Cr-7Mo-2Ta 0.09C-0;lY 





ODeratina Cond i t ions  
2.0 










TABLE V . -  COMPOSITION AND OPERATING CONDITIONS FOR 
ELECTROPLATING BATHS 
Composition oz/gal 
lron Bath Chromium Bath 
FeS04 e 7H20 
Fee12 + 2 ~ ~ 0  
Nh4C 1 















lron Bath Chromium Bath 
115"~ (292"~) 1 1 5 O F  (252°K) 
23 amp/ft2 500 amp/ft2 
Lead Lead 
* Nitradd, Turco Products, Inc. 
TABLE V I . -  PLASMA SPRAYING PARAMETERS FOR INTERMEDIATE BARRIER LAYERS . . .  - . . -  . . . . . . . . . . . . , . . . . . . . . 
Powder S i  ze, M i crons 
Arc Gas 




Powder Gas Flow f t / m i n .  
Powder Feed Rate, gm/min. 
Spraying Distance, in .  
Arc Current,  amps. 























































A r  
40 
31 3 
2 - 5  
8 80 
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TABLE Vi I e . PARAMETERS FOR,,TITANIZING Cr-7Mo-2Ta ALLOY 
Coating P r o p e r t i e s  
Average Aver age Coat ing Format ion Parameters 
Exp. Pack Time Pressure Bui l dup  per  S i d e  W t .  Gain 
.-8..IIp No A c t i v a t o r  s_II_- hrs tor r  mg/cm2 Remarks 
4 - - 1 6OCr-4OTi 1 %NaF 6.0 2350 1561 150 
w 2 60Cr-40Ti 1 %NaF 15.0 2350 1561 150 s - 6.1 Used i n  s i l i c i d & . R u n  2 
3 60Cr-40Ti I % C r C 1 3  8.0 2200 1477 150 - - 7.5 Used i n  s i l i c i d e . R u n  3 
4 50Cr-50Ti 1 %NaF 5.0 2200 1477 150 - 8 -4  Annealed 4 hr 24OOOF 
d 
and used i n  s i l i c i d e .  
Run 3 
5 50Cr-50Ti 1 %NaF 110.0 2200 1477 1 x los4 - - 8.8 Used i n  s i l i c i d e . R u n  1 
6 50Cr-50Ti 1 %NaF 10.0 2200 1477 1 x 0.0008 0.02 7.9 D i f f u s i o n  annealed 
a f t e r  c o a t i n g .  






Comp. wfo Activator 
100 Si 2%KF 
100 s i  1 %KF 
100 S i  1 %KF 
100 Si 1 %KF 








































W t .  Gain 
mg/cm2 Rema r ks 
- Blistering and sintering 
on unannealed Cr-Ti sub- 
s t rate . 
- I31 istering and sintering 
on unannealed Cr-Ti sub- 
s t ra te. 
on unannealed Cr-Ti sub- 
strate. Smooth coating 
on Cr-Ti annealed 4 hr 
(1 588°K). 
annealed 4 hr 240OOF 
(1 588°K). 
- Blistering and sintering 
16.0 Smooth coating on Cr-Ti 
w 
w 
TABLE I X .  - PARAMETERS FOR TlTANlZlNG Cr- .5W-O.IY ALLOY HAViNG CHROM.lUM-big0 INTERMEDIATE LAYERS 
Coating Formation Parameters 
Average Average Temp. Exp . Pack Time Pressure Buildup pet side W t .  Gain - No. Comp. w/o Act ivator  - O K  torr  It? mm mg/cm2 Remarks 
1 50Cr-50Ti 0.5%CrCl3 10.0 22.00 1477 150 0.0015 0.038 26.2 Slight s in te r ing  
- - Smooth coa t i ng 2 50Cr-50Ti 1 %NaF 10.0 2200 1477 1 x 7.4 
TABLE X, - PARAMETERS FOR SlLlClDlNG CHROMIUM ALLOYS HAVING CHROMIUM-MgO INTERMEDIATE LAYERS 
Coa t i ng P rope r t i e s 
Average Aver age 
Coating Formation Parameters 
Temp. Exp . Pack Time Pressure Bbildup per s i &  W t .  Gain 
No. Comp. w/o Act,ivator 2 - O K  t o r r  i n  mm mg/cm2 Rema r ks - 
1 100 S i  1 %KF 2.0 2000 1366 
2 100 S i  
3 A1203:Si=3: 1 
% KF 2.0 2000 
% KF 10.0 2000 
366 
366 
150 - - - Coating b l i s te red  
10-4 - - 12.5 Smooth coat i ng 
C r - 5 W  substrate. 
Cr-5U substrate 
Smooth coat i  ng 
Cr-7Mo-2Ta substrate 
x 0.003 0.076 19.5 A1203 d i luent  pack 
TABLE X I  - PARAMETERS FOR TlTANlZlNG AND StLI,CIDING INTERMEDIATE 
BARRIER LAYERS ON Cr-7Mo-2Ta ALLOY 
Coat i  ng Pack Time T&BperatuI;; Pr;;re 
T i t a n i z i n g  50Cr-50T i 1 %  NAF 10 2200 1477 1 x l o m 4  
S i l i c i d i n g  
- lirs. -Layer Cornp. w/o Act i va t o r  
A 1  0 : S i = 3 : 1  1 %  KF 10 2000 1366 1 x 
2 3  
34 
TABLE X I 1  - PARAMETERS USED FOR TlTANlZlNG AND SlLlClDlNG 
Cr-Ti-Si  ( l i g h t )  COATING ON Cr-7Mo-2Ta ALLOY 
Coat i  ng Pack Time Temperature Pressure 
Layer Comp. w/o A c t i v a t o r  h rs .  OF ~ O K  T o r r  
- - _ I _  
T i t a n i z i n g  50Cr-50Ti 1 %  NAF 10 2200 1477 1 x 
S i l i c i d i n g  l O O S i  1% KF 2 2000 1366 1 x l o m 4  
TABLE X I I I  - PARAMETERS USED FOR TlTANlZlNG AND SlLlClDlNG 
Cr-Ti-Si  (heavy) COATING ON Cr-7Mo-2Ta ALLOY 
Coat i  ng Pack Time Tempera t u  r e  P ress u r e  
A c t i v a t o r  h r s .  "F "K  T o r r  
T i t a n i z i n g  50Cr-50Ti 1 %  NAF 10 2200 1477 150 
-La ye r 
S i  1 i c i d l n g  A1203:Si=3:l 1% KF 10 2000 1366 1 x l o m 4  
35 




B a r r i e r  
Cr-7Mo-2Ta 




C r -Y -  12Mg0 
SLURRY 

































Tota l  W&i&t Change (Mg/C&) A t  lnd tca ted  T h e  (Hours) Coat ing  ayer Hg/Cm i 


























- - 0.32 0.74 0.82 0.96 1.28 1.38 1.49 1.67 1.77 1.84 2.52 2.98 3.37 3.72 -5.71 -6.56 -6.74 -6.91 -6.88 
- -  0.92 1.42 1.81 2.20 2.30 2.41 2.48 2.55 2.66 2.73 3.40 4.04 4.36 4.72 -3.09 -4.08 -4.22 -4.36 -4.22 
- -  0.85 1.21 1.38 1.63 1.77 1.95 2.09 2.38 2.52 2.59 3.30 3.76 4.18 4.65 
5.7 13.3 0.74 9.99 1.03 1.06 1.13 1.13 1.17 1.20 1.17 1.20 1.28 1.42 1.56 1.67 2.76 2.94 2.98 2.87 2.87 
5.5 16.1 0.67 0.92 0.92 0.96 1.06 1.06 1.06 1.10 1.13 1.17 1.35 1.56 1.77 1.95 2.76 2.84 2.70 2.62 2.48 
5.5 16.1 0.67 0.89 0.89 0.96 0.99 0.99 1.03 1.06 1.10 1.13 1.31 1.49 1.74 1.84 
5.5 15.6 0.60 0.89 0.92 0.99 1.03 1.03 1.03 1.06 1.10 1.13 1.35 1.60 1.88 1.99 2.94 2.76 2.76 2.59 2.55 
5.5 14.1 0.60 0.85 0.89 0.99 0.99 1.03 1.03 1.10 1.13 1.16 1.28 1.38 1.60 1.70 
5.6 13.7 0.67 0.89 0.99 0.99 1.10 1.06 1.06 1.10 1.17 1.20 1.31 1.38 I . &  1.67 2.62 2.70 2.71 2.59 2.62 
5.5 14.2 0.60 0.85 0.89 0.96 0.96 0.99 0.99 1.06 1.06 1.10 1.20 1.38 1.63 1.77 
11.5 12.0 0.53 0.60 0.63 0.70 0.74 0.70 0.77 0.77 0.81 0.81 1.13 1.37 1.44 1.59 1.59 1.66 1.69 1.69 1.69 
11.4 11.7 0.84 0.88 0.88 0.95 0.98 0.95 0.98 0.98 1.06 1.06 1.41 1.59 1.69 1.83 1.87 1.94 1.97 2.01 2.01 
12.0 12.7 0.84 0.88 0.91 0.95 0.98 0.95 1.02 1.02 1.06 1.06 1.27 1.90 2.12 2.26 
9.1 15.5 0.53 0.56 0.60 0.67 0.70 0.70 0.84 0.88 0.95 1.02 1.37 2.12 2.40 2.82 3.18 3.42 3.63 3.92 4.06 
8.3 14.1 0.45 0.49 0.53 0.60 0.63 0.63 0.77 0.77 0.88 0.91 1.20 1.90 2.26 2.73 3.21 3.42 3.53 3.74 3.85 
8.9 15.3 Q.42 0.49 0.49 0.56 0.60 0.67 0.77 0.81 0.9 0.95 1.30 2.44 2.80 3.15 
12.5 23.0 0.56 0.81 0.88 0.91 0.98 1.02 1.06 1.20 1.23 1.27 1.48 2.09 2.51 3.42 
9.9 20.9 0.42 0.56 0.63 0.67 0.74 0.77 0.77 0.88 0.95 0.98 1.09 1.24 2.09 2,72 2.82 3.00 3.21 3.32 3.46 
11.1 20.9 0.38 0.56 0.67 0.70 0.74 0.81 0.84 0.95 1.02 1.06 1.20 1.80 2.26 3.03 3.21 3.42 3.64 3.78 3.95 
7.7 19.1 0.45 0.63 0.70 0.74 0.77 8.81 0.88 0.95 1.02 1.06 1.27 1.87 2.19 2.47 
7.5 18.8 0.35 0.49 0.56 0.60 0.63 0.70 0.74 0.81 0.88 0.91 1.06 1.56 2.02 2.33 2.57 2.75 2.89 3.00 3.07 
7.9 19.2 0.53 0.67 0.74 0.74 0.81 0.84 0.88 0.98 1.06 1.09 1.24 1.80 2.19 2.47 2.65 2.82 3.00 3.14 3.32 
10.6 19.6 0.28 0.14 0.21 0.31 0.38 0.53 0.67 0.77 0.88 1.34 2.48 3.12 3.74 3.85 4.09 4.38 4.48 4.27 
9. 23.9 0.21 0.53 0.67 0.70 0.74 0.88 0.88 0.95 0.98 1.02 1.23 2.54 3.07 3.43 3.81 4.06 4.31 4.62 4.86 
10.0 23.9 0.21 0.42 0.60 0.67 0.74 0.84 0.84 0.91 0.95 1.02 1.23 3.00 3.25 4.03 
TABLE X I V .  - NITRIOATION/OXIOATtON WEIGHT CHANGE DATA (Continued) 
System 
o r  
B a r r i e r  



















Coat ing Layer T o t a l  Weight Change (Mg/Crn2) A t  I n d i c a t e d  Time (Hours) 
Mg/CM2fi S i  2 4 6 8 10 12 14 16 18 20 40 60 80 100 120 140 160 180 200 
- . _ _ _ - - -  ----- -------- B a r r i e r  
26.7 12.6 16.5 0.42 0.53 0.70 0.77 0.84 0.98 0.98 1.02 1.06 1.13 1.27 2.12 2.12 2.36 
26.7 12.6 13.7 0.42 0.53 0.60 0.67 0.77 0.88 0.88 0.92 0.95 1.02 1.20 2.04 2.44 2.72 2.93 3.11 3.39 3.67 3.86 
27.0 12.9 14.7 0.21 0.24 0.35 0.42 0.49 0.60 0.60 0.63 0.70 0.7'1 0.98 1.90 2.26 2.50 2.79 3.00 3.11 3.25 3.35 
18.1 9.6 15.5 0.24 b.60 0.77 0.88 1.09 1.20 1.37 1.59 1.69 1.83 2.55 3.75 4.43 4.84 
21.5 10.8 18.5 0.38 0.74 0.88 0.95 1.09 1.23 1.41 1.59 1.69 1.80 2.34 2.48 3.97 4.41 4.80 5.12 5.23 5.12 4.77 
16.g 9.6 17.0 0.38 0.70 0.84 0 .9 i  1.02 1.09 1.20 1.34 1.44 1.55 1.95 2.76 3.33 3.81 4.27 4.55 4.70 4.77 4.56 
31.8 13.8 11.4 0.49 0.56 0.67 0.77 0.84 1.02 1.09 1.09 1.20 1.20 1.48 2.19 2.65 2.80 2.93 3.14 3.10 2.80 2.80 
32.0 14.0 10.4 0.49 0.56 0.67 0.77 0.84 0.95 0.98 1.02 1.13 1.13 1.48 1.98 2.12 2.pz 
31.0 14.3 11.5 0.32 0.39 0.49 0.60 0.67 0.77 0.84 0.91 0.98 1.02 1.41 1.44 2.22 2.4B 2.65 2.75 2.86 2.93 2.86 
TABLE XV - NITROGEN ANALYSIS O F  SUBSTRATE AFTER A I R  OXIDATION 
Sys tern 
o r  
B a r r i e r  
C r - 7Mo- 2Ta 
Cr-Ti-Si  ( 1 )  
Cr-Ti-Si  (h) 
Cr-Y-l2MgO(s) 
C r - Y -  12Mg0 (e) 
Cr-Y-6MgO(e) 




C r - 3  






1 1  1-A 
1 1  1 - B  
1 1  I - D  




I l l - H  
EXPOSURE AT 21 00°F ( 1  422" K) 
Coat i ng Layer 
Mg/Cm2 


















































T o t a l  N2 
Contaminat i o n  ( w t % )  

















TABLE XV - NITROGEN ANALYSIS OF SUBSTRATE AFTER AIR OXIDATION 
EXPOSURE A T  2100°F (1422°K) - cont inued 
System Coat ing bayer To ta l  N2 
B a r r i e r  No. B a r r i e r  T i  S i  
o r  Spec. Mg/Cm W t .  Change Contamination ( W t % )  
0 hr . 100 hr 200 hr Ma/Cm2 
Cr-6MgO(s) 110-1 18.1 9.6 15.5 +4.84 
110-3 16.9 9.6 17.0 +4.56 
Cr-6Mg0 (e) 112-K 32.0 14.0 10.4 +2.02 
112-L 31 .O 14.3 11.5 +2.86 
( 1 )  = l i g h t  
(h) = heavy 
( s )  = s l u r r y  s i n t e r  depos i ted  b a r r i e r  





TABLE XVI - COMPOSITION OF SURFACE OXIDATION PRODUCTS ON 
UNCOATED AND COATED Cr;77Mo=2Ja AllOY 
Coating System 
Cr-7Mo-2Ta 
Cr-Ti-Si (1  ight) 
Cr-Ti-Si (heavy) 
Cr-Y-12MgO (5 )  
C r-Y - 12Mg0 (e) 
C r-Y-6Mg0 (e) 
Cr-6MgO (e) 










( s )  indicates slurry-sinter depositio'n of barrier layer 
(e) indicates electrophoretic deposition of barrier layer 
F i  gu e 1 .  Externa l  View o f  Plasma Sprayed I r 
I I 
1 2 
- 12Mg0 Coati ng . 
(4x1 
1 Coat ing 
2 Subst ra te  
F igu re  2 .  Photomicrograph o f  a Cross-Sect ion Through a Plasma 
Sprayed I ron-12Mg0 Coat ing.  
(250X Unetched) 
F igu re  3 .  Plasma Sprayed Iron-12Mg0 Coat ing A f t e r  1 Hour i n  
Hydrogen a t  180OoF { 1255OK) 
(4x) 
41 
1 Coat ing 
2 Subst ra te  
2 
I 
' 1  
F i g u r e  4. Photomicrograph o f  a Cross-Sect ion Through a Plasma 
Sprayed Ch romi um-MgO Coat i  ng . 
(250X Unetched) 
1 Coat ing 
2 Subst ra te  
F igu re  5 .  Photomicrograph o f  a Cross-Sect ion Through a Plasma 
Sprayed Chromium-MgO Coat ing A f t e r  1 Hour i n  
Hydrogen a t  2200OF (1477OK) . 
(250X Unetched) 
42 
1 Coat ing 
2 Substrate 
2 ‘ 1  I 








c)  C r  X-rays 
( 5 5 W  
I I 
1 2 
b) E lec t ron  Absorp t ion  
( 5  5OX 
I B 
1 2 
1 B a r r i e r  
2 Subst rate 
F igu re  7 .  S l u r r y - S i n t e r  Chromium-12MgO Coat ing on C r - 5 W  A 1  l o y  
44 
1 1 2 I 





b) E lec t ron  Absorp t ion  
(550x1 
1 2 1 2 
d )  Mg X-rays 
(55OX)  
1 B a r r i e r  Layer 
2 Subst rate 
F igu re  8. D i s t r i b u t i o n  o f  MgO P a r t i c l e s  i n  E l e c t r o p h o r e t i c a l l y  










I I I I 1 I I I I 
* UNCOATED 
0 Cr-Ti - S i  HEAVY 
ACr-Ti-Si LIGHT 








A Cr - 
Cr - 6 MgO gO } SLURRY 
0 20 40 60 80 100 120 140 160 180 200 
TIME, HOURS 




Cr-Ti-Si  (H) Cr-Y-12MgO ( S )  Cr -Y -  12Mg0 (E)  Uncoated Cr-Ti -Si  (L) 
Cr-2 1 1 1  5-2 1 1  2-9 1 1  1-c 
Cr-Y-6Mg0 (E)  Cr-12MgO (3)  Cr-12Mg0 (E) Cr-6MgO (S)  Cr-6MgO (E) 
l l l - E  1 1  0-6 1 1  1 - f f  110-2 112-J 
F i  gu re 10. Photographs o f  T e s t  Coupons A f t e r  -200 Hours Exposure t o  21 OO°F ( 1  422OK) 
A i r  ( F u l l  S i z e ) .  
1 2 3 4 5 
1 . 
2. Cr-Ti-Si  ( l i g h t )  coated, o x i d i z e d  100 hour a t  2100°F (1420°K) and 
3. Uncoated coupon g iven C r - T i - S i  (1 i g h t )  thermal t reatment and 
4, Cr-Ti-Si  (1 i g h t )  as-coated coupon tes ted  a t  14900F ( 1 0 8 3 " ~ ) .  
5. C r - T i - S i  ( l i g h t )  as-coated coupon tes ted  a t  1090°F (861°K). 
As-received coupon tes ted  a t  1090°F (861°K). 
t es ted  a t  1490°F (1083°K). 
t es ted  a t  1490°F (1083'K). 
F igure  1 1 .  Post-Test Appearance of Typ ica l  DBTT Bend 
Test Eva lua t ion  Coupons. (1.25 X )  
48 
a )  L i g h t  Microscopy (Etched) b) E l e c t r o n  Absorpt ion 
- c) Cr X-rays d )  Mo X-rays 
F i g u r e  12.  Photomicrograph and EMP Images o f  As-Received Cr-7Mo-2Ta 
(55 0x1 
A 1  loy. 
49 
e) Ta X-rays f )  Y X-rays 
g) N X-rays h) 0 X-rays 
F i g u r e  12 (Cont inued).  Photomicrograph and EMP Images of As- 









F igu re  13. Photomicrograph and KHN Data f o r  Cr-7Mo-2Ta A f t e r  200 Hours 
(250X Etched) 
Exposure t o  A i  r a t  21 OO°F ( 1422OK) 
1 Coat ing 
2 Subst ra te  
51 
1 I 2 1 1  2 
a) L i gh t M i croscopy (Etched) b) E l e c t r o n  Absorp t ion  
1 2 
c )  C r  X-rays 
1 2 
d) 0 X-rays 
1 Oxide 
2 Subst ra te  
F igure  14. Photomicrograph and EMP Images of Cr-7Mo-2Ta A f t e r  200 Hours 
(55 OX)  
Ox ida t ion  a t  2100°F (1422OK). 
52 
1 2 
e) MO X-rays 
1 2 
f )  Ta X-rays 
1 2 
g> Y X-rays 
1 Oxide 
2 Subst ra te  
F igure  14 (Continued) e Photomicrograph and EMP Images o f  Cr-7Mo-2Ta 




















b) A f t e r  100 Hours Exposure 
1 Coat ing 
2 D i f f u s i o n  Zone 
3 Substrate 
F igure  15. Microhardness Traverses i n  Cr-Ti-Si  ( L i g h t )  Coat ing.  
(25 OX Etched) 
54 
I 2 ' 4  
a )  L i g h t  M i  croscopy (Etched) 
As-Coated 
1 I 2 1 3 ' 4  
b) L i g h t  Microscopy (Etched) 
A f t e r  100 Hours Exposure 
I 2 I 4 
c) E l e c t r o n  Absorp t i on  
As-Coated 
1 '  2 ' 3  ' 4  
d) E l e c t r o n  Absorp t i on  
A f t e r  100 Hours Exposure 
1 Oxide 
2 Coat ing 
3 D i f f u s i o n  Zone 
4 Substrate 
F igu re  16. Photomicrographs and EMP Images o f  t h e  C r - T i - S i  ( L i g h t )  
Coat ing As-Coated and A f t e r  Exposure t o  210OOF (1422OK). 
(550x1 
55 
2 1 4  
e) C r  X-ray$ 
As -Coa t e d  
2 ' 3  ' 4  
g) C r  X-rays 
A f t e r  100 Hours Exposure 
2 1 4  
f )  Mo X-rays 
As -Coa t e d  
1 1  2 I 3 '  4 
h )  Mo X-rays 
A f t e r  100 Hours Exposure 
1 Oxide 
2 Coat ing 
3 D i f f u s i o n  Zone 
4 Subst ra te  
F igure  16 (Cont inued) .  Photomicrographs and EMP Images of the Cr-T i -S i  
( L i g h t )  Coat ing As-Coated and A f t e r  Exposure t o  
21 OOOF (1422OK) . 
(55 ox) 
2 4 2 I 4 
i )  Ta X-rays 
As-Coated 
j) Ti  X-rays 
As-Coa t e d  
1’ 2 3 4 
k )  Ta X-rays 
A f t e r  100 Hours Exposure 
1 2 
1 )  Ti X-rays 
A f t e r  100 Hours Exposure 
1 Oxide 
2 Coat ing 
3 D i f f u s i o n  
4 Substrate 
F igure  16 (Cont inued).  Photomicrographs and EMP Images o f  t h e  Cr-Ti - S i  
( L i g h t )  Coat ing As-Coated and A f t e r  Exposure t o  





m)  S i  X-rays 
As-Coa t e d  
1 2 3 14 
0) S i  X-rays 
A f t e r  100 Hours Exposure 
2 4 
n) Y X-rays 
As -Coa t e d  
1 2 3 4 
P >  Y X-rays 
A f t e r  100 Hours Exposure 
1 Oxide 
2 Coat ing 
3 D i f f u s i o n  Zone 
4 Substrate 
F igu re  16 (Cont inued).  Photomicrographs and EMP images o f  the  Cr--Ti - S i  
( L i g h t )  Coat ing As-Coated and A f t e r  Exposure t o  
2 1 OOOF ( 1 4 2 2 O K )  . 
(55 0x1 
2 4 
q)  o2 X-rays 
As -Coated 
1 2 3 4 
r )  02 X-rays 
A f t e r  100 Hours Exposure 
1 Oxide 
2 Coat ing 
3 D i f f u s i o n  Zone 
4 Substrate 
F igu re  16 (Continued). Photomicrographs and EMP Images o f  the C r - T i - S i  
( L i g h t )  Coat ing As-Coated and A f t e r  Exposure t o  
2 1 OOOF ( 14220K) . 




' . . . *  
b) A f t e r  100 Hours Exposure 






















1 Coat ing 
Substrate 
F igure  17. Microhardness Traverses i n  Cr-Ti-Si (Heavy) Coat ing.  





2 I 3 
a) Li ght  Microscopy (Etched) 
As-Coated 
1 I 2 1 3  
b) L i  gh t M i  croscopy (Etched) 
A f t e r  200 Hours Exposure 
I .2 ' 3  
c)  E l e c t r o n  Absorp t i on  
As-Coa t e d  
1 '  2 1 3  
d )  E l e c t r o n  Absorp t i on  
A f t e r  200 Hours Exposure 
1 Oxide 
2 Coat ing 
3 Subst ra te  
F igure  18. Photomicrographs and EMP Images of t h e  Cr-T i -S i  
(heavy) Coat ing System As-Coated and A f t e r  200 




e) C r  X-rays 
As-Coated 
3 
f >  C r  X-rays 
A f t e r  200 Hours Exposure 
2 I 3 
g) MO X-rays 
As-Coa ted  
1 2 ' 3  
h) Mo X-rays 
A f t e r  200 Hours Exposure 
1 Oxide 
2 Coat ing 
3 Subst ra te  
F igu re  18 (Continued) Photomicrographs and EMP Images o f  t h e  C r - T i - S i  
(heavy) Coat ing System As-Coated and A f t e r  200 





i )  Ta X-rays 
As -Coa t e d  
2 I 
k) T i  X-rays 
As -Coa t e d  
3 
1 2 3 1 '  2 3 
j )  Ta X-rays 
A f t e r  200 Hours Exposure 
T i  X-rays 
A f t e r  200 Hours Exposure 
1 )  
1 Oxide 
2 Coat ing 
3 Subst ra te  
F i g u r e  18 (Cont inued).  Photomicrographs and EMP Images of t h e  Cr -T i -S i  
(heavy) Coat ing System As-Coated and A f t e r  200 
Hours Exposure t o  2100°F (1422°K) A i r ,  (550X) 
63 
2 I 3 
rn) S i  X-rays 
As-Coated 
2 I 3 
0 )  Y X-rays 
As -Coa ted  
1 2 3 1 2 3 
n) S i  X-rays 
A f t e r  200 Hours Exposure 
P) Y X-rays 
A f t e r  .200 Hours Exposure 
1 Oxide 
2 Coat ing 
3 Subst ra te  
F igure  18 (Cont inued).  Photomicrographs and EMP Images o f  t h e  C r - T i - S i  
(heavy) Coat ing System As-Coated and A f t e r  200 
Hours Exposure t o  210OOF (1422°K) A i r ,  (550X) 
64 
2 3 
q) A I  X-rays 
As -Coa t e d  
2 3 
r )  A 1  X-rays 
A f t e r  200 Hours Exposure 
2 3 
s )  0 X-rays 
As -Coated 
1 9  2 3 
t> 0 X-rays 
A f t e r  200 Hours Exposure 
1 Oxide 
2 Coat ing 
3 Subst ra te  
F igu re  18 (Cont inued).  Photomicrographs and EMP Images of  the  C r - T i - S i  
(heavy) Coat ing System As-Coated and A f t e r  200 































b )  A f t e r  100 Hours Exposure 
1 Coat ing 
2 Subst ra te  
F igu re  19. Microhardness Traverses i n  Cr-12MgO/Cr-Ti-Si Coat ing.  














c )  A f t e r  200 Hours Exposure 
1 Coat ing 
2 Substrate 
F igu re  19 (Cont inued).  Microhardness Traverses i n  Cr-12MgO/Cr-Ti-Si 
Coati  ng . 
(25 OX Etched) 
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' 3  ' 4  I 2 '  3 ' 4  
a)  L i g h t  Microscopy (Etched) 
As-Coated 
c)  ,E lect ron Absorp t i on  
A s  -Coa t e d  
1 1 2  I 3  1 4  
b) L i  gh t M i  croscopy (Etched) 
A f t e r  200 Hours Exposure 
2 3 1 4  
d.) E l e c t r o n  Absorp t i on  
A f t e r  200 Hours Exposure 
1 Oxide 
2 Coat ing 
3 B a r r i e r  
4 Subs t ra te  
F igu re  20. Photomicrographs and EMP Images o f  t h e  Cr-12MgO/Cr-Ti - S i  
Coat ing System As-Coated and A f t e r  200 Hours Exposure t o  
21000F (1422OK) A i r .  
(55 0x1 
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2 3 4 
e) C r  X-rays 
As -Coated 
I- - 
1 I 2 3 1 4  
A f t e r  200 Hours Exposure 
f )  
2 1 3  
g) Mo X-rays 
As-Coated 
1 2 I 3 
h) Mo X-rays 
A f t e r  200 Hours Exposure 
1 Oxide 
2 Coat ing 
3 B a r r i e r  
4 Subst ra te  
F igu re  20 (Cont inued).  Photomicrographs and EMP Images of t he  Cr-l2MgO/ 
Cr-T i -S i  Coat ing System As-Coated and a f t e r  200 
Hours Exposure t o  21 OO°F ( 1422OK) A i  r ~ 
(55 OX) 
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2 ' 3  4 
i )  Ta X-rays 
As-Coa t e d  
1 2 3 
k) T i  XFrays 
A s  -Coa t e d  
1 2 3 4 1 t 3 4 
j )  Ta X-rays 
A f t e r  200 Hours Exposure 
1 )  Ti  X-rays 
A f t e r  200 Hours Exposure 
1 Oxide 
2 Coat ing 
3 B a r r i e r  
4 Substrate 
F igu re  20 (Continued) Photomicrographs and E P Images of t h e  c r - 1 2 ~ 9 0 /  
Cr-Ti-Si  Coat ing System 8s-Coated and A f t e r  200 
Hours Exposure t o  2100°F (1422OK) A i  r. 
(550X) 
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2 3 4 2 I 3 4 
m) S i  X-rays 
As -Coa t e d  
0) Y X-rays 
As-Coa t e d  
1 2 I 3 4 
n) S i  X-rays 
A f t e r  200 Hours Exposure 
F igu re  20 (Continued) 
1 2 3 4 
Y X-rays PI 
A f t e r  200 Hours Exposure 
1 Oxide 
2 Coat ing 
3 B a r r i e r  
4 Subst ra te  
Photomicrographs and EMP Images o f  the  Cr-12MgO) 
Cr-T i -S i  Coat ing System As-Coated and A f t e r  200 
Hours Exposure t o  21 OO°F ( 1422OK) A i  r . 
(55 OX) 
2 I 3 2 3 
q )  A 1  X-rays 
A s  -Coated 
s) o X-rays 
A s  -Coa t e d  
I l l  ' 2  I 3 ' 4  
r) A 1  X-rays 
A f t e r  200 Hours Exposure 
1 2 1 3  1 4  
t) 0 X-rays 
A f t e r  200 Hours Exposure 
1 Oxide 
2 Coat ing 
3 B a r r i e r  
4 Substrate 
F igu re  20 (Cont inued).  Photomicrographs and EMP Images of t h e  Cr-l21"igO/ 
Cr-Ti-Si  Coat ing System As-Coated and A f t e r  200 
Hours Exposure t o  21 OD°F ( 1422OK) A i  r . 
(55  OX 
72 
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PEAK HEIGHT MINUS BACKGROUND FOR INDICATED SPECIMENS 
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APPENDIX I - SUMMARY 0F do AND PEAK H E I G H T S  
PEAK H E I G H T  M I N U S  BACKGROUND FOR INDJCATED SPECIMENS (continued) 
1 1 1 - E  110-2 1 1  1-c 115-2 
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APPENDIX d - SUMMARY OF de  AND PEAK HEIGHTS 
PEAK HE I GHT M I NUS BACKGROUND FOR 1 ND I CATED SPEC IMENS (cont h u e d )  
112-J 1 1  1-E 110-2 I l l - c  115-2 110-1 112-9 - 6 Cr-7Mo-2Ta  -do 
2.48 5 61 





























































APPENDIX f - SUMMARY OF do AND. PEAK HEIGHTS 
I 
PEAK HEIGHT MINUS BACKGROUND FOR INDICATED SPECIMENS (continued) 
112-J 1 1 1 - E  110-2 I l l - C  115-2 110-1 112-9 - 6 Cr-7Mo-2Ta 
12 
6 8 
5 16 8 94 
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PEAK HEIGHT MINUS BACKGROUND FOR INDICATED SPECIMENS (continued). 
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APPENDIX I - SUMMJ -RY OF do AND PEAK HEIGHTS 
PEAK HEIGHT MINUS BACKGROUND FOR INDICATED SPECIMENS (continued) 
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